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The  physics  of  highly  excited  atoms  in  strong  ex¬ 
ternal  electric  and  magnetic  fields  is  of  inherent  and 
general  interest  for  two  reasons:  Firstly,  the  external 
forces  are  on  a  par  with,  or  larger  than  the  internal 
atomic  binding  forces,  and,  secondly,  they  profoundly 
determine  the  symmetry  of  the  atomic  system.  Such  systems 
with  strong  mixing  of  internal  and  external  interactions 
are  thus  no  more  amenable  to  conventional  perturbation 
treatments.  Aside  from  the  interest  as  such,  the  strong 
external  force  mixing  is  closely  related  for  instance  to 
Rydberg-state  physics,  collisional  processes  in  external 
fields  (plasmaphysics),  and  atomic  species  in  superstrong 
fields  (astrophysics). 

The  H  atom,  with  its  purely  Coulombic  potential, 
has  naturally  served  as  basis  and  prototype  in  extensive 
theoretical  work  in  this  field.  On  the  other  hand,  almost 
all  experimental  work  has  been  done  with  non-hydrogen ic 
atoms,  due  to  experimental  obstacles  encountered  wi-th 
the  H  atom.  In  fact,  few  experiments  have  been  done  until 
recently  with  H  in  electric  fields,  and  none  are  known 
in  magnetic  fields. 

In  this  paper  we  first  review  briefly  systematic 
experimental  studies  with  H  in  electric  fields,  which 
we  have  carried  out  recently  at  excitation  energies 
around  the  zero-field  ionization  limit,  E  ~0.^  He  have 
employed  a  two-step  excitation  technique  in  crossed  laser- 
atom  beams,  H(l)  +  vuv  -•  H(2)  +  uv  -•  H*,  with  tunable 
vuv  and  uv  laser  light,  each  of  parallel  (n )  or  perpen¬ 
dicular  (o)  polarization.  In  the  n  =  2  state  individual 
Stark  sublevels  of  practically  pure  parabolic  character 
are  prepared,  a  special  feature  of  the  H  atom,  not  en¬ 
countered  with  atoms  in  previous  studies.  A  sample  of  an 
ionization  spectrum  is  shown  in  Fig.  1,  exhibiting  typical 
quasi-stable  states  at  E  <  0  and  field  induced  oscilla¬ 
tory  resonances  in  the  ionization  cross  section  at  E  t  0. 
Further  results  will  be  given  and  discussed  in  relation 
to  existing  theory. 

In  the  second,  main  part  of  the  paper  we  report 

first  experiments  with  H  in  strong  magnetic  fields  (B  £ 

6T)  around  the  ionization  threshold,  where  the  diamagnetic 

2  2  2  2 

interaction  ( ^ am  =  1/8  a  B  r  sin  0)  is  the  domi¬ 
nating  external  force,  of  comparable  strength  with,  or 
larger  than  the  Coulomb  interaction  (Hcou^  »  -  1/r). 
Employing  again  the  two-step  (vuv  +  uv)  excitation,  single 
Paschen-Back  levels  are  prepared  in  the  first  step.  Em¬ 
ploying  field-ionization  after  the  excitation  laser  pulse, 
ionization  spectra  have  been  taken  at  excitation  energies 


from  the  1-mixing  regime  (zero-field  Rydberg  states  n  £ 
25)  through  the  n-mixing  and  the  threshold  (H^.  =  Hcou)) 

region  up  into  the  continuum  (E  >  0)  at  B  =  0  to  6  Tesla. 
Depending  on  the  initial  Paschen-Back  state  in  n  =  2  and 
the  uv  polarization  final  states  with  m^  =  0,  +  1,  +  2 
are  excited,  all  of  even  parity.  Fig.  2  shows  a  sample 
spectrum  around  the  ionization  threshold.  We  observe, 
for  the  first  time,  quasi-Landau  resonances  with  the  H 
atom.  Further  results  will  be  presented  and  discussed  in 
relation  to  theory. 

1)  H.  Rottke,  K.  H.  Welge;  submitted  for  publication; 

Phys.  Rev.  A  (1985). 
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FIGURE  1  Ionization  spectrum  of  the  H  atom  in  an 

electric  field  F=5714  V/ cm.  Excitation  with  n  polar¬ 
ized  radiation  from  the  11,0,0  >  parabolic  state  of 
the  Stark  manifold  in  n=2.  Quasi-stable  states  label¬ 
led  by  parabolic  quantum  number  notation,  Inj.n^.lmU. 
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FIGURE  2  Ionization  spectrum  of  the  H  atom  around 

the  ionization  threshold  in  a  magnetic  field  B=6  Tesla. 
Excitation  with  n  polarized  radiation  from  the  Paschen- 
Back  sublevel  lm.=  -1>,  Im  =  +  1/2  <  to  final  states 
mj=  -2,  even  parity.  b 
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The  dynamical  spin-polarization  parameters  A,  «  and 
£,  which  have  been  determined  from  angle-resolved  mea¬ 


surements  of  the  photoelectron  spin-polarization  vector 

t  ,2 


using  circularly  polarized  VUV-radiation  *  are  needed 
to  completely  characterize  the  dipole  transition  matrix 
elements  and  their  phase  shift  differences  individually. 
For  the  5p-autoionization  range  of  xenon  there  are  three 
open  continuum  channels  according  to 


XeSp  (‘S  )  +  hv 


Xe+5pVp3/2> 


(CdS/2'  £d3/2'  Es1/2> 


■v  2’ 

ly.  Combination  of  the  5  dynamical  parameters  A 

3 


photoionization  cross  section  Q 

4 

S  as  reported  in  Ref.  1  make  the  complete  deter- 


v 


D^,  and  their  relative  phases  possi¬ 


ble 


Fig.  1  shows  the  results  for  the  three  matrix  ele¬ 


ments  Dj ,  D2  and  corresponding  to  the  z.d^^, 


and  £8^2  channel,  respectively,  as  well  as  the  relative 
phases  in  units  of  it  (the  coulomb  phases,  which  are  ana¬ 
lytically  known,  are  eliminated). 


D  mainly  follows  the  energy  dependence  of  the  pho- 

1  2 
toionization  cross  section  (because  D,  is  much  stronger 


1 


than  D_ 


or  )  showing  the  pronounced  d-resonance  struc¬ 
ture  of  the  autoionization.  The  enhancement  of  the  d-raa- 


trix  element  D2  at  about  98.5  nm  corresponding  to  the 
here  not  completely  resolved  narrow  s-autoionization  re¬ 


sonance  seen  in  the  cross  section  and  in  indicates  the 


importance  of  interchannel  interactions  in  the  autoioni¬ 
zation  region  of  xenon.  This  is  also  demonstrated  by  the 
behaviour  of  the  d-s-phase  shift  difference  tt#(Uj-U^). 
which  is  close  to  -TT  at  the  cross  section  minimum,  where¬ 
as  the  phase  shifts  of  both  d-channels  ttLj  and  ttv2  are 
identical  within  the  experimental  uncertainties  except 


where  D ^  rises  at  99.8  and  96.  8  nm.  This  indicates 


that  the  spin-orbit  interaction  influences  the  ampli¬ 
tudes  more  than  the  phases  in  the  autoionization  range. 
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which  are  described  by  the  three  dipole  transition  matrix 

elements  D. ,  D_ 
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Fig.  1:  "Experimental”  dipole  transition  matrix  elements 
D^,  D  D-j  and  their  relative  ph. 

5p-autoionization  range  of  xenon 


and  their  relative  phases  in  units  of  it  in  the 
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The  spin-polarization  parameters  for  photoelec¬ 
trons  from  free  Xenon  atoms  have  been  measured  in  the 
wavelength  range  from  96  nm  to  100  nm  in  an  angle-resol¬ 
ving  experiment  using  circularly  polarized  synchrotron 


radiation  emitted  out  of  plane  by  the  storage  ring  BESSY. 


The  experimental  arrangement  basically  consists  of  an 
especially  designed  rotatable  electron  spectrometer  and 
a  high  energy  Mott-detector  and  allows  the  measurement 
of  the  photoelectron  spin-polarization  components  A (9) 
parallel  to  the  photon  momentum  and  P_^(0)  perpendicular 
to  the  reaction  plane.  Knowledge  of  these  two  components 


for  several  emission  angles  ©  allows  the  determination 


of  the  three  parameters  A,  a  and  £.  The  measurements 
have  been  performed  in  the  5p-autoionization  range  be- 


2  2 

tween  the  P an<3  Pj^”  freeholds  xenon  with  a 


radiation  bandwidth  of  AA  =  0.25  nm.  Fig.  1  shows  data 


for  the  total  photoionization  cross  section  Q  and  the 


asymmetry  parameter  together  with  the  values  of  the 


sp in-par ameters  measured.  Earlier  results  for  the  spin 

4 


parameter  A  (dotted  curve) ,  employing  a  completely  dif¬ 
ferent  method,  which  yields  the  spin-polarization  of  the 
angle- integrated  photoelectron  flux,  are  also  given  and 


show  good  agreement  with  the  present  data.  For  comparison, 


the  results  of  an  RRPA-calculation  and  a  semi empirical 

.... _ _  6  _ .V. _ 4 _ 


MQDT- calculation  ,  convoluted  with  the  experimental  band¬ 
width,  are  shown  as  full  and  dashed  curves,  respectively. 
The  wavelength-dependences  of  the  spin-parameters  mea¬ 
sured  are  in  reasonable  agreement  with  both  theories. 
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Fig.  1:  Photoionization  cross  section  Q  ,  asymmetry  pa¬ 


rameter  8  and  spin-polarization  parameters  in  the  auto¬ 


ionization  range  of  Xenon.  Theoretical  values  for  t,  A 
and  are  represented  by  the  full  (RRPA  )  and  dashed 


(semiempirical^)  curves. 


4 


ENERGY  DEPENDENCE  OF  THE  SPIN- POLARIZATION  PARAMETERS  FOR  Hg  5d  PHOTOIONIZATION 
WITH  CIRCULARLY  POLARIZED  LIGHT 

F.  Schafers*,  Ch.  Heckenkamp,  G.  Schonhense  and  U.  Heinzmann 

Fritz-Haber-Institut  der  MPG,  D-IOOO  Berlin  33,  W.  Germany 
Fakultat  fu^  Physik  der  Universitat  Bielefeld,  D-4BOO  Bielefeld 
BESSY,  D-lOOO  Berlin  33,  West  Germany 


Circularly  polarized  VUV-radiation  from  the  storage 
ring  BESSY  was  used  to  measure  all  three  spin-polarization 
parameters  of  photoelectrons  from  .the  Hg  Sd-shell  in  the 
photon  energy  range  from  threshold  to  32  eV.  The  spin-po¬ 
larization  vector  can  be  characterized  by  the  three  dyna¬ 
mical  parameters  A,  i  and  £  which  are  functions  of  the 
photon  energy.  Up  to  now  only  data  of  the  spin-polariza¬ 
tion  of  the  total  photoelectron  flux,  where  the  fine  struc¬ 
ture  was  not  resolved,  and  of  the  polarization  component 
perpendicular  to  the  reaction  plane  Px,  described  by  the 
parameter  £,  existed*.  The  new  measurements  were  stimu¬ 
lated  by  a  recent  experimental  analysis  of  the  5d-photo- 

2 

ionization  process  in  the  approximate  LS-coupling  scheme  . 


The  experimental  arrangement  is  shown  in  Fig.  1. 

The  circularly  polarized  light  from  the  storage  ring,  dis¬ 
persed  by  the  6.5  m  NIM,  crosses  the  Hg-atomic  beam  in  a 
region  free  of  electric  and  magnetic  fields.  The  photo¬ 
electrons  emerging  under  the  angle  0  are  energy-analyzed 
by  a  rotatable  analyzer  system,  that  keeps  the  outqoing 
photoelectron  beam  fixed  in  space  independent  of  the 
emission  angle  chosen.  After  acceleration  to  120  keV  the 
transverse  polarization  components  A(0)  parallel  to  the 
photon  momentum  and  PA (0) ,  from  which  the  three  parame¬ 
ters  A,  a  and  £  can  be  evaluated,  are  analyzed  simultane¬ 
ously  in  a  Mott  detector. 
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Fig.  2:  Energy  dependence  of  the  spin-parameter  A 
solid  lines:  ref.  4,  dashed  line:  ref.  5,6 


As  an  example  the  energy  dependence  of  the  parame¬ 
ter  A(=A(0  ))  is  shown  in  Fig.  2  for  both  final  ionic 

2  m  2 
states  dc^/2  (closed  circles)  and  *°Pen  circles). 

The  ionization  thresholds  are  represented  by  the  vertical 

4 

dashed  lines.  The  RRPA-calculation  (solid  curves)  which 
includes  correlations  between  5d  and  6s  (8  channels)  and 
uses  experimental  thresholds  is  in  reasonable  agreement 

with  experiment.  The  RPAE-curve  (dashed)  was  calculated 

5,6 

from  non-relativistic  matrix  elements  and  phase  shifts  » 
This  curve  is  shifted  by  2.6  eV  to  fit  the  experimental 
threshold. 


An  evaluation  of  transition  matrix  elements  and 
their  corresponding  phase  shifts  in  the  exact  jj-coupling 
scheme  (6  continuum  channels)  on  the  basis  of  the  experi¬ 
mental  results  in  combination  with  cross  section  data^'^ 
is  in  progress. 
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PHOTOELECTRON  SPIN-POLARIZATION  IN  THE  COOPER  MINIMUM  OF  Hg6s 

F.  Sch4fers+,  Ch.  Heckenkamp  and  U.  Heinzmann 

Fritz-Haber-Institut  der  MPG,  D-IOOO  Berlin  33,  W.  Germany 
FakultAt  fur  Physi£  der  UniversitSt  Bielefeld,  D-4800  Bielefeld 
BESSY,  D-IOOO  Berlin  33 


Since  Fano's  prediction  of  the  spin-polarization  of 
photoelectrons  ejected  from  alkali  atoms  near  the  mini¬ 
mum  of  the  cross  section1,  experimental  and  theoretical 

effort  has  been  spent  to  the  phenomenon  of  Cooper  minima 
2 

in  ns-  and  ns  -subshells,  since  the  relativistic  effect 
of  spin-orbit  interaction  in  the  continuous  spectral  range 
can  be  studied  here.  In  theoretical  calculations  the  po¬ 
sition  of  the  cross  section  minimum,  the  shape  of  the 
angular  distribution  and  the  behaviour  of  the  spin-po¬ 
larization  parameters  react  very  sensitive  upon  the  cor¬ 
relations  included.  Recently,  the  Relativistic  Time  De- 

2 

pendent  Local  Density  Approximation  (RTDLDA)  was  able  to 
reproduce  the  experimental  data  of  the  B-parameter,  de¬ 
scribing  the  differential  photo ionization  cross  section, 

3,4 

of  Xe  and  Kr  outer  s-subshells  .  The  rare  gases  are, 
however,  not  accessible  for  spin-polarization  measure¬ 
ments  at  present  due  to  the  low  cross  section  of  0.1  Mb 
and  the  high  photon  energies  needed. 


Q  (Mb) 
Q5 


T°J  'RTDLDA,'  f  f 

i  (*  "  - 
1 


20  30 

PHOTON  ENERGY  (eV) 


Fig.  1:  Upper  part:  photoionization  cross  section  Q  ,  ex- 
5  8 

perimental  points  ,  full  and  dashed  curve:  RRPA  ,  dot- 

lO  9 

dashed:  RTDLDA  ,  dotted:  Taram-Dankof f  . 

lower  part:  spin  parameter  £,  full  circles7,  open  circles 


For  ionization  of  the  6s-shell  of  mercury,  however,  lower  part:  spin  parameter  £, 

9 

the  situation  is  different.  Experiments  indicate  a  Cooper  this  work,  curves  as  above  . 
minimum  at  about  20  eV  photon  energy  with  a  cross  section 


of  0.4  Mb  .  At  three  intense  rare  gas  resonance  lines 
values  of  the  6-parameter  and  the  spin-polarization  com¬ 
ponent  perpendicular  to  the  reaction  plane,  described 
by  the  parameter  £,  have  been  reported^'7. 

The  high  flux  of  circularly  polarized  VUV-radiation 
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at  stored  beam  currents  of  about  500  mA. 


Fig.  1  shows  first  results  of  the  new  measurements 

together  with  the  earlier  data7  and  with  the  cross  sec- 

5  9 

tion  .  In  contrast  to  the  experimental  data  the  RRPA  and 

the  RTDLDA10  calculations  yield  a  minimum  below  the  ^D2/3~ 

threshold  (vertical  dashed  line)  whereas  a  Tamro-Dankof f- 
9 

calculation  gives  a  Cooperminimum  above  the  threshold 
close  to  the  experimental  data.  The  new  data  of  the  £- 
parameter  seem  to  indicate  a  maximum  close  to  the  thres¬ 
hold  at  17  -  18  eV  photon  energy  which  is  expected  to 

correlate  with  the  cross  section  minimum.  Measurements 
*  2 

below  the  D^2“threshold ,  where  the  cross  section  is 
perturbed  by  autoionization  processes  are  in  progress 
and  should  lead  to  a  further  clarification  of  this  point. 
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PHOTO IONIZATION  OF  ATOMIC  AND  MOLECULAR  CHLORINE 
J.A.R.  Samson,  Y.  Shafer,  and  G.C.  Angel 
8ehlen  Laboratory  of  Physics,  University  of  Nebraska,  Lincoln,  NE.  68588 


The  relative  photoionization  cross  sections  of 
atomic  and  molecular  chlorine  have  been  measured  by  use 
of  a  mass  spectrometer  over  the  spectral  range  from  160 
to  750  JL  The  atomic  chlorine  was  produced  in  a  micro- 
wave  discharge  by  the  dissociation  of  Ctj.  Approxi¬ 
mately  20X  dissociation  was  produced. 

The  absolute  total  absorption  cross  sections  and 

ionization  efficiencies  of  Cl,  were  measured  at  selected 

‘  i 

wavelengths  by  use  of  a  double  ionization  chamber. 

Thus,  the  relative  ionization  cross  sections  were  placed 
on  an  absolute  basis. 

In  Fig.  1  we  have  normalized  the  relative  cross 

sections  of  atomic  chlorine  to  the  theoretical  results 
2  3 

of  Shahabi  and  Starace  ,  Fielder  and  Armstrong  ,  and 

4 

Brown  et.al.  .  Because  most  of  the  calculated  data 
tend  to  agree  at  higher  photon  energies,  the  region  of 

o 

normal ization  was  taken  around  350  A.  Good  agreement 
is  obtained  for  wavelengths  below  500  H.  However, 
above  500  A  deviations  of  up  to  a  factor  of  two  occur. 

Presumably,  this  implies  that  important  correlation 
effects  have  been  omitted  near  the  threshold.  In  Fig. 

2  we  have  normalized  our  results  to  the  data  of 
Cherepkov5  and  also  show  the  calculations  of  Combet- 
Farnoux6.  The  overall  agreement  with  Cherepkov 's  RPA 
calculation  is  very  good  except  at  their  shortest 
wavelength. 

Acknowledgement 

This  material  is  based  upon  work  supported  by  the 
National  Science  Foundation  under  Grant  No.  PHY-8214172. 

References 

1.  J.A.R.  Samson  and  G.N.  Haddad,  J.  Opt.  Sco.  Am.  64, 

47  (1974). 

2.  S.  Shahabi  and  A.F.  Starace,  Phys.  Rev.  A  30,  1819 
(1984). 

3.  W.R.  Fielder  and  L.  Armstrong,  Jr.,  Phys.  Rev.  A  28 
218  (1983). 

4.  E.R.  Brown,  S.L.  Carter,  and  H.P.  Kelly,  Phys.  Rev. 

A  21,  1337  (1980). 

5.  N.A7  Cherepkov  and  L.V.  Charnysheva,  Izv.  Akad.  Nauk. 
SSSR,  Ser.  Viz.  £[.  2518  (1977). 

6.  M.  Lamoureux  and  F.  Combet-Farnoux,  J.  Phys.  (Paris) 
40,  545  (1979). 


FIGURE  1.  Photoionization  cross  sections  of  Cz. 
normalized  at  350  JL  Present  experimental  data  (o): 

Theoretical  data,  ref.  2  ( - ),  ref.  3  ( - ), 

ref.  4  ( — ). 


WAVELENGTH 

(A) 

FIGURE  2.  Photoionization  cross  sections  of  C i 
normalized  to  ref.  5.  Present  data  (o):  Theoretical 
data,  ref.  5  ( - ),  ref.  6  ( - j. 
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MEASUREMENT  OF  THE  5d  PHOTOIONIZATION  CROSS  SECTION  IN  LASER  EXCITED 
BARIUM  ATOMS  BETWEEN  15  eV  AND  ISO  eV  PHOTON  ENERGY 
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Combining  the  use  of  laser  and  synchrotron  radia¬ 
tions,  we  had  demonstrated  the  feasibility  of  photoioni¬ 
zation  experiments  in  excited  atoms.1  Later  on,  we  measu¬ 
red  oscillator  strengths  for  the  excitation  of  a  core  e- 

.  .  ...  2 
lectron  in  atoms  prepared  in  specific  excited  states. 

Here,  we  present  the  first  experimental  determination, 
over  a  broad  photon  energy  range,  of  a  photoionization 
cross  section  for  an  atom  in  an  excited  state,  specifical¬ 
ly  the  5d-cross  section  in  laser  excited  barium  atoms.  We 
have  also  calculated  the  variation  of  this  cross  section  in 
the  LDRPA  approximation. 

In  our  experiment,  laser  and  synchrotron  radiations 
irradiate  an  effusive  beam  of  Ba  atoms  in  the  source  vo¬ 
lume  of  a  cylindrical  mirror  analyzer  used  to  study  the 

4 

energy  distribution  of  the  ejected  photoelectrons.  The 
synchrotron  radiation  of  the  ACO  storage  ring  is  monochro- 
matized  by  a  toroidal  grating  monochromator  which  is  con¬ 
tinuously  tunable  between  15  eV  and  150  eV.  The  cw  ring 

dye  laser  is  locked  and  stabilized  to  the  6s  S  —  6p  *P 

°  .  2 
resonance  of  Ba  at  5535  A.  However,  as  already  mentionned, 

all  photoelectron  spectra  taken  in  the  continuum  as  well 

as  in  the  region  of  resonant  excitation  below  the  5p  io- 
2 

nization  threshold,  reveal  that  the  excited  atoms  are,  in 


PHOTON  ENERGY  (#V) 

Fig.l-  Variation  of  the  5d  cross  section  from  10  to  40  eV. 
Theory  is  from  this  work  ( - )  and  from  Ref. 3  ( - ) 
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our  experimental  conditions,  m  the  6s5d  *  D  states.  The 

photoelectrons  from  the  5p  and  5d  subshells  were  simulta¬ 
neously  recorded  at  each  photon  energy.  The  relative  va¬ 
riation  of  the  5d  cross  section  was  obtained  from  the  in¬ 
tegrated  area  under  the  5d  photoline.  The  absolute  scale 
was  established  by  normalization  to  the  theoretical  5p 
cross  section  also  calculated  in  this  work. 

The  results  are  presented  in  Fig.l.  The  theoretical 
results  reproduce  well  the  general  behavior  of  the  cross 
section.  However,  if  a  simple  HS  calculation  is  able  to 
describe  the  experimental  variation  at  low  energy,  the 
resonant  enhancement  of  the  5d  cross  section  observed  at 
the  opening  of  the  4d  ionization  channels  can  be  reprodu¬ 
ced  theoretically  only  by  taking  into  account  inter-shell 
correlations. 
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Fig.l-  (continued).  Variation  of  the  5d  cross  section 
above  40  eV  photon  energy.  The  4d  thresholds  in  the  ox- 
cited  atom  are  around  96  and  98  eV. 
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EXPERIMENTAL  AND  THEORETICAL  DETERMINATIONS  OF  OSCILLATOR  STRENGTHS 
FOR  PHOTOEXCITATION  OF  A  CORE  ELECTRON  IN  ATOMIC  LITHIUM 

P.  Gerard,  D.  Cubaynes,  J.M.  Bizau  and  F.  Wuilleumier 

Laboratoire  de  Spectroscopie  Atomique  et  Ionique  and  LURE,  B.350,  9 I405-0rsay, France 

C.J.  Zeippen 

Observatoire  de  Paris,  Section  d ' As trophysique ,  92 190-Meudon. 


In  the  work  presented  here,  we  have  used  the  techni¬ 
que  of  photoelectron  spectrometry  to  study,  between  50  eV 
and  150  eV,  the  photoelectrons  ejected  by  a  monochromatic 
photon  beam  from  the  2s  and  Is  subshells  of  atomic  Li.* 

In  this  photon  energy  range,  the  2s  photoionization  cross 

section  is  very  weak,  but  in  the  resonance  region  below 
3 

the  ls2s  S  ionization  threshold,  between  58  and  65  eV. 

In  this  energy  region,  we  observed  a  huge  enhancement  of 

the  2s  photoelectron  line  (ls^  *S  final  state  of  Li+)  due 

2 

to  the  decay  of  the  ls2snp  P  autoionizing  states  formed 

by  photoexcitation.  We  have  measured  the  oscillator  stre- 
2  2  2 

ngths  of  these  Is  2s  S  -*■  ls2snp  P  transitions.  We  have 
performed  a  new  calculation  of  these  oscillator  strengths 
to  study  the  extreme  sensitivity  of  this  parameter  to  the 

treatment  of  electron  correlations  for  the  first  resonances. 

2 

In  this  experiment,  we  used  our  previously  described 
apparatus  at  the  ACO  synchrotron  radiation  facility,  to 
measure,  with  a  cylindrical  mirror  analyzer,  the  electrons 
emitted  at  the  magic  angle  •  f  54044'  in  the  interaction 
of  a  monochromatic  photon  beam  with  a  beam  of  Li  vapor. 

Fig. 1  shows  the  excitation  function  of  the  2s- photo¬ 
electron  line,  i.e.  the  integrated  area  under  this  line, 

2  2 

when  the  photon  energy  is  varied  across  the  Is  2s  S  — ► 

1  2 

ls(2s2p  P)  P  resonance,  around  60.40  eV.  Outside  of  the 
resonance,  the  2s  signal  is  negligible  in  comparison  with 
the  resonant  intensity.  This  means  that  the  direct  photo¬ 
ionization  process  is  very  weak,  leaving  no  possibility 
for  interference  effects  to  occur.  Thus, in  assuming  that 
the  radiative  decay  of  the  excited  states  is  negligible 
for  this  low-Z  element,  in  comparison  with  the  autoioni¬ 
zation  rate,  the  intensity  of  the  2s  photoelectron  peak 


at  the  resonance  is  directly  proportional  to  the  oscilla¬ 
tor  strength  of  the  excitation  transition.*  The  relative 
values  were  put  on  an  absolute  scale  by  comparing  the  re¬ 
sonant  2s  and  the  non-resonant  Is  photolines,  using  the 
total  photoabsorption  cross  section  previously  measured.^ 

4 

Table  I  presents  our  results.  The  RPAE  calculations 
are  in  good  agreement  with  the  experimental  data  but  for 
the  two  first  resonances.  On  the  other  hand,  the  values 
calculated  by  Chung, ^  using  a  saddle-point  technique,  we¬ 
re  in  better  overall  agreement  with  the  experiment.  In 
view  of  this  difference  for  the  first  transitions,  we  att¬ 
empted  a  series  of  new  calculations  using  two  different 
programs,  in  order  to  provide  a  further  check  of  the  in¬ 
fluence  of  electron  correlations.  We  employed  the  code 
SUPERSTRUCTURE  and  the  HF  code  CIV3.  We  included  3s,  3p 
and  3d  pseudo-orbitals  and  we  tested  various  optimization 
procedures.  Our  final  f-values  are  included  in  Table  I, 
from  both  length  and  velocity  calculations.  Our  results 
are  very  close  to  the  experimental  data.  The  ad-  quacy  of 
our  theoretical  approach  is  also  confirmed  by  the  good 
agreement  between  the  theoretical  and  experimental  values 
of  the  transition  energies. 
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Fig. 1-  Excitation  function  of  the  2s  photoelectron  line. 
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R.  Malutzki  and  V.  Schmidt 

Fakultat  f Lir  Physik,  Universitat  Freiburg,  Hermann-Herder-Str.  3,  7800  Freiburg,  FRG 


According  to  Amusia  et  al.'  the  manganese  (Mn)  atom 
can  be  described  conveniently  in  the  spin-polarised 
orbital  approximation  i.e.  3pt  and  3p+  ionisation  can  be 
distinguished:  The  ejection  of  a  3pt  electron  produces  a 
')P  that  of  a  3p+  electron  a  7P  final  ionic  state  both 
with  different  energy.  The  investigation  of  the  angular 
distribution  of  3p+-photoelectrons  has  been  described 

7 

elsewhere  (Malutzki  et  al .  ).  Qualitative  agreement  with 

3 

theoretical  predictions  of  Amusia  et  al .  has  been 
achieved.  However  in  this  investigation  no  hint  for  the 

5 

existence  of  the  P  final  ionic  state  could  be  found. 

With  improved  experimental  conditions  partly  at  the 
expense  of  reduced  angular  range  of  the  electron  analyser 
we  searched  again  for  the  3pt-photoprocess.  This  time 
with  success.  Figure  1  gives  one  example  at  94.5  eV 
photon  energy  (lower  part).  For  comparison,  the  upper 
part  of  this  figure  shows  an  electron  spectrum  at  60.4 
eV  photon  energy.  The  interesting  region  of  kinetic 
energies  is  at  around  30  eV  because  here  the  electrons 
from  the  radiationless  decay  of  the  3p  hole  are  expected: 
Coster-Kronig  (CK)  decay  from  3p+-ionisation,  super 
Coster-Kronig  (sCK)  decay  from  3pt-ionisation.  In  the 
spectrum  at  lower  photon  energy  the  satellite  lines 
(marked  by  arrows,  see  also  Ref.  4-6)  from  3d-ionisation 
are  just  in  this  energy  region.  However,  at  higher  photon 
energy  they  move  away.  Instead,  the  3p  7P  photoline  with 
a  satellite  (S),  its  subsequent  CK  decay  as  well  as  the 
3p  '’P  photoline  with  its  subsequent  sCK  decay  can  be 
seen  clearly. 

A  first  analysis  of  our  spectra  gives  the  following 
results,  i)  the  binding  energies  are  E^  =  57.4  eV  for  the 
3p  7P  photoline,  E.  =  60.5  eV  for  the  satellite  S  and 

D  r 

Eh  =  75.0  eV  for  the  3p  P  photoline,  ii)  Our  energy 

D  7  5 

separation  between  the  P  and  P  photolines  agrees  with 

that  found  in  solid  Mn7.  iii)  Our  CK  and  sCK  transitions 

give  direct  confirmation  to  the  assignment  of  structures 

O 

in  the  electron  spectrum  of  Mn  following  electron  impact  . 
iv)  Because  of  the  large  level  width  there  is  a  large 
energy  shift  due  to  post-collision  interaction  for  photon 
energies  just  above  threshold,  v)  Because  of  the  large 

5 

natural  line  width  the  3p  P  photoline  appears  in  the 
spectrum  only  as  a  small  structure;  however,  at  80  eV 
photon  energy  the  partial  cross  sections  for  ejection  of 
a  3pt  or  a  3p;  electron  are  nearly  equal.  More  quantitat¬ 
ive  data  will  be  given  at  the  conference. 


Ek,„/eV 


Figure  1  Electron  spectra  of  atomic  manganese. 
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THRESHOLD  PHOTO  IONIZATION  OF  Kr  3d  SUBSHELL* 
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A  threshold  electron  analyzer  has  been 
constructed  for  experiments  at  the  Stanford 
Synchrotron  Radiation  Laboratory  (SSRL).  This 
t iine-of-f I ight  analyzer  has  extraction, 
acceleration,  and  drift  regions  giving  a  total 
flight  distance  of  21.5  cm.  It  is  calculated  that 
all  electrons  with  kinetic  energies  between  0  and 
0.03  eV  are  collected,  irrespective  of  their 
initial  ejection  angle.  Figure  1  shows  a  scan 
across  the  Kr  3d(3/2,5/2)-np  discrete  resonances 
and  3d  thresholds  taken  with  this  analyzer.  The 
electron  signal,  7  counts/s  on  the  first  resonance, 
has  been  corrected  for  the  variation  in  the  light 
intensity. 

In  Fig.  1,  the  prominent  appearance  of  the 
below-threshold  resonances  shows  the  relative 

strength  of  the  decay  pathway  to  doubly  ionized 
2+ 

Kr  final  states.  The  intensities  of  the 


individual  np  resonances  decrease  with  n  less 
slowly  in  Fig.  1  than  in  the  electron  energy  loss 
spectrum  of  King  et  alT  This  qualitative  trend 
shows  the  increasing  importance  of  shake-off  in  the 
decay  of  states  with  a  more  loosely  bound 
electron.  The  3d  threshold  peaks  are  distorted  by 
post-col  1 isional  interaction  (PCI).  A  sharp  rise 
occurs  at  about  0.17  eV  above  the  threshold.  After 
the  maximum  the  intensity  decreases  gradually  with 
electrons  still  observed  at  1.4  eV  above  the 

threshold.  The  measured  line  shapes  agree  with  the 

2 

predictions  of  Neihaus. 

*This  work  was  performed  under  Contract  No. 
DE-AC03-76SF00098  at  the  Stanford  Synchrotron 
Radiation  Laboratory.  Both  this  research  and  SSRL 
are  supported  by  the  Office  of  Basic  Energy 
Sciences  of  the  U.S.  Department  of  Energy. 


Threshold  Electrons 


*G.C.  King,  M.  Tronc,  F.H.  Read, 
and  R.C.  Bradford,  J.  Phys.  B  10, 
2479  (1977). 

2A.  Neihaus,  J.  Phys.  B  10,  1845 
(1977). 

Figure  1.  The  threshold  spectrum 
of  atomic  krypton  in  the  region  of 
the  3d  edges.  The  peaks  observed 
at  the  below-threshold  resonances 
result  from  their  decay  through 
shake-off:  I.  3d'*(2D^2)5p 

(.08  eV*  natural  linewidth),  II. 

-1  2 

unresolved  3d  (  D^-^Iip, 
3d'1(205/2)6p,  III. 

3d'1(2D6/2)7p.  The  3d  peaks 
are  seen  to  be  broadened  and 
shifted  to  higher  photon  energies. 
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Si  2p  AND  2s  RESONANT  EXCITATION  AND  PHOTO I ON  I Z AT  I ON  IN  SiF4* 

T.A.  Ferrett,  M.N.  Piancastel li,  D.W.  Lindle,  P.A.  Heimann,  and  D.A.  Shirley 
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The  discrete  and  continuum  resonant  structures 
in  the  vicinity  of  the  Si  2p  and  2s  edges  in  SiF^ 
were  studied  with  time-of-flight  photoelectron 
spectroscopy  and  synchrotron  radiation  in  the  range 
of  100-170  eV.  Below  the  Si  2p  threshold,  the  Si 
2p  discrete  excitations  to  molecular  and  Rydberg 
orbitals  show  differing  decay  characteristics.  On 
the  resonances,  the  partial  cross  sections  and 
asymmetry  parameters  were  measured  for  the  outer- 
and  inner-valence  states,  and  for  the  resonantly 
enhanced  satellites.  Above  the  Si  2p  edge,  the  e 


and  t,  shape-resonant  intensity  appears  only  in 
‘  1 

the  Si  2p  channel.  Finally,  the  2s  excitation 
at  160  eV  decays  primarily  into  Si  2p  satellite 
channels. 


♦This  work  was  performed  under  Contract  No. 
DE-AC03-76SF00098  at  the  Stanford  Synchrotron 
Radiation  Laboratory.  Both  this  research  and  SSRL 
are  supported  by  the  Office  of  Basic  Energy 
Sciences  of  the  U.S.  Department  of  Energy. 
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EVIDENCE  FOR  SHAPE  RESONANCE  DEPENDENT  SATELLITE  BEHAVIOR  IN  ATOMIC  BARIUM 

U.  Becker,  R.  Hdlzel,  H.  G.  Kerkhoff,  B.  Langer,  D.  Szostak  und  R.  Wehlitz 

Institut  fur  Strahlungs-  und  Kernphysik,  Technische  UniversitSt  Berlin, 
Hardenbergstrasse  36,  D-1000  Berlin  12  (Fed.  Rep.  of  Germany) 


Atomic  Barium  is  intermediate  between  the  rare 
gase  structure  of  Xenon  with  its  virtual  hydrogenic 
4f  orbital  and  the  rare  earth  elements  where  this 
orbital  is  highly  contracted.  This  outstanding  position 
of  Ba  in  the  periodic  table  has  made  this  element  a 
show  case  for  phenomena  related  to  the  collapse  of 
atomic  orbitals.  In  transition  elements  such  as  Ba 
centrifugal  and  coulombic  forces  are  in  a  delicate 
balance,  so  that  the  nature  of  the  contracting  orbital 
can  depend  strongly  on  environmental  conditions  such  as 
the  valence  configuration  for  example.  The  strong  effect 
of  these  environmental  conditions  on  the  Ad-photo- 
absorption  of  atomic  8a  has  been  shown  in  the  absorp¬ 
tion  spectra  along  the  Ba  isonuclear  sequence'  and 
theoretical ly  explained  by  shape  resonances  in  the 
effective  potential  for  f -electrons2.  Similar  effects 
concerning  valence  changes  could  most  easily  be  studied 
by  the  resonance  behavior  of  the  4d-satellite  lines. 

Atomic  Ba  shows  strong  configuration  interaction 
in  the  initial  and  final  ionic  states3,  making  it  a 
good  candidate  to  look  for  pronounced  satellites  in  the 
4d-photoelectron  spectrum.  These  electron  correlation 
satellites  rorrespond  to  different  ground  state  confi¬ 
gurations  and  should  be  enhanced  by  the  shape  resonance 
in  a  different  way  as  the  4d-main  line.  In  order  to 
study  this  effect,  photoelectron  spectra  of  atomic  Ba 
were  taken  in  the  range  of  the  4d  -  4,ef  centrifugal 
barrier  shape  resonance  between  100  and  140  eV.  The 
experiment  has  been  performed  at  HASYLAB  with  a  time  of 
f light-photoelectron  spectrometer  and  a  resistively 
heated  atomic  beam  oven.  Fig.  1  shows  the  higher 
binding  energy  part  of  the  photoelectron  spectrin  at 
130  eV  with  the  4d-main  lines  and  their  electron 


Fig.  1  4d-pbotoelectron  spectrum  of  Ba  at  hv  =  130  eV 


correlation  satellites.  The  sum  of  the  satellites  has  a 
fraction  of  about  40  %  on  the  total  4d- intensity 
showing  the  strength  of  configuration  interaction  in  Ba 


Fig.  2  Partial  cross  sections  of  atomic  Ba  in  the  range 
of  the  giant  resonance 

Fig.  2  shows  the  partial  cross  sections  of  the  4d-, 
4dsaf  and  5p-lines  in  comparison  with  the  total  Ad- 
intensity,  the  absorption  cross  section4  and  a  HF- 
calculation5.  This  figure  shows  that  main  and  satellite 
lines  have  completely  different  behavior  in  the  reso¬ 
nance  region.  Whereas  the  4d  main  line  reaches  its 
maximum  below  110  eV,  the  satellites  reach  their  maxi- 
mun  above  120  eV.  The  6s-5d-mixing  responsible  for  the 
satellite  structure  results  in  less  attraction  of  the 
effective  nuclear  charge  by  admixture  of  electrons  with 
5d-character.  Therefore  the  effect  of  the  inner  well 
potential  may  be  less  pronounced  on  the  satellites  than 
on  the  4d-main  lines  associated  with  a  shift  of  the 
broader  maximum  to  higher  energies.  This  shape  resonan¬ 
ce  dependent  behavior  of  electron  correlation  satel¬ 
lites  has  been  demonstrated  for  the  first  time  for  Ba, 
but  is  expected  to  take  place  for  satellite  lines  in 
the  vicinity  of  shape  resonances  in  general. 
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The  photoelectron  spectrum  of  the  valence  sub¬ 
shells  of  atomic  Ne  is  one  of  the  systems  best  under¬ 
stood  in  photoionization  besides  He.  The  2s  and  2p 
photoelectron  main  lines  are  accompanied  by  satellite 
lines  leaving  the  ion  in  an  excited  state: 

Ne(1s22s22p6)  +  hv-  e"  +  Ne+(  1s22s22p4nl ) . 

The  threshold  of  each  satellite  channel  is  the  ioniza¬ 
tion  limit  of  a  double  excitation  Rydberg- series.  This 
double  excitation  nature  persists  beyond  threshold  and 
determines  the  character  and  behavior  of  the  corres¬ 
ponding  satellites.  There  are  basically  three  mechanism 
responsible  for  the  existence  and  production  of  photo¬ 
electron  satellite  lines: 

a)  Rearrangement  effects  described  by  shake  theory' 

b)  Configuration  interaction  (Cl)  in  the  initial  (ISCI) 
and  final  ionic  states  (FISCI)  described  by  electron 
correlations  and  spin  flip  processes2 

c)  Interchannel  coupling  including  bound  and  continuum 
states  resulting  in  intensity  sharing  and  resonance 
enhancement2. 

It  is  generally  believed  that  rearrangement 
effects  and  configuration  interaction  both  play  an 
important  role  on  the  satellite  production,  but  there 
is  only  little  evidence  for  the  third  mechanism  - 
interchannel  coupling  -.  The  satellite  intensity  above 
the  sudden  limit  is  not  very  sensitive  to  the  under¬ 
lying  production  mechanism,  because  each  mechanism 
contributes  constant  intensity  over  a  wide  spectral 
range.  In  contrast  to  this  insensitivity  above  the 
sudden  limit  concerning  the  satellite  nature,  there  is 
striking  contrary  behaviour  of  each  mechanism  in  the 
adiabatic  regime  close  to  threshold4.  The  different 
satellites  are  characterized  with  decreasing  kinetic 
energy  by 

a)  decreasing  intensity  for  shake  up  processes, 

b)  constant  intensity  for  configuration  interaction  and 

c)  by  increasing  intensity  or/and  resonance  enhancement 
for  interchannel  coupling. 

A  study  of  the  close  to  threshold  behaviour  of  the 
Ne  2p-satellites  was  performed  at  the  Hamburger 
Synchrotron  Strahiungslabor  HASYLAB  with  a  time  of 
flight  (TOF)-photoelectron  spectrometer  in  order  to 
clear  up  the  relative  importance  of  the  different 
interaction  mechanism  for  the  satellite  production.  For 
the  first  time  interchannel  coupling  (IC)  has  been 
proven  to  be  the  dominant  production  mechanism  for 


several  Ne  2p-satel lites  especially  for  the  so  called 
“conjugate  shake  up"  satellites  besides  the  already 
known  importance  of  the  mechanism  a)  and  b). 


024  6024  6 

Kinetic  energy  (eV) 


Fig.  1  Threshold  behavior  of  the  conjugate  shake 
satellites  of  the  Ne  2p-subshell 

The  effect  of  interchannel  coupling  is  exhibited 
in  the  close  to  threshold  behaviour  of  the  correspon¬ 
ding  satellites  by  pronounced  resonance  enhancement  due 
to  strong  coupling  with  the  double  excited  Rydberg- 
states  of  the  neighboring  satellite  channels.  Fig.  la) 
shows  the  intensity  of  the  ('D)3s(2D)-satellite  between 
0  and  7  eV  kinetic  energy.  Fig.  1b)  shows  the 
threshold  behavior  of  a  satellite  which  was  missing  up 
to  now  in  the  Ne  valence  satellite  spectrum  although  it 
corresponds  to  the  strongest  double  excitation  Rydberg- 
series  of  the  2p-shell.  This  satellite  (2P)3s(2P)  has 
been  detected  for  the  first  time  and  shown  to  be  pro¬ 
duced  on  resonances  only.  This  shows  the  relevance  of 
interchannel  coupling  to  the  satellite  structure  of  a 
simple  system  such  as  atomic  Ne  besides  rearrangement 
and  configuration  interaction  effects. 
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SINGLE  AND  DOUBLE  PHOTO IONIZATION  OF  ALKALINE-EARTH  ATOMS 
Y.Itikawa,  T.Hayaishi,  Y.Itoh,  T. Koizumi,  J. Murakami,  T.Nagata,  T. Sasaki,  Y.Sato,  H.Shibata,  B.Sonntag, 


J.B.West,  A.Yagishita 
Photon  Factory,  National  Laboratory  for  High  Energy- 

Double  photoionization  of  alkaline-earth  atoms  is 
of  considerable  interest  in  the  study  of  electron  correla¬ 
tion  effects.  Excitation  of  electrons  in  the  inner-valence 

shell  (3p  for  Ca  and  4p  for  Sr)  results  in  a  rich  struc- 

1  2 

ture  in  the  photoabsorption  spectrum.  *  The  resulting 
excited  atom  ends  up  in  various  ionic  stages  through  auto¬ 
ionization.  We  have  measured  the  relative  yields  of 
singly  and  doubly  charged  ions  of  Ca  and  Sr  as  a  function 
of  photon  energy  with  a  resolution  up  to  0.15  nm. 

The  study  was  carried  out  using  monochromatized 
synchrotron  radiation  as  the  light  source,  a  TOF  mass 
spectrometer  as  the  detector  and  a  differentially  pumped 
effusive  beam  as  the  target.  The  light  from  the  Photon 
Factory  storage  ring  (2.5  GeV)  was  dispersed  by  a  1  m 
Seya-Namioka  monochromator.  The  ion  yields  were  measured 
for  the  wavelengths  35-42  nm  for  Ca  and  40-55  nm  for  Sr. 

Fig.  1  shows  the  result  for  Ca.  This  can  be  well 
compared  with  the  photoabsorption  spectrum.1  Most  of 
the  peaks  are  identified  to  the  excitations  3p  -*•  nd.nf 
in  Ca.  The  ratio  of  the  double  to  single  ion  yields  is 
plotted  in  Fig.  2.  This  is  essentially  the  same  as  that 

4 

obtained  by  Holland  and  Codling,  but  shows  much  more 
detailed  structure.  We  conclude  that  Ca**  in  the  range 
of  36-40  nm  is  produced  by  the  two-step  process:  Ca(3p64s2 
lS)  -  Ca(3pS4s2nl)  -»  Ca*(3p53d4s  2P  and  4P)  -  Ca**(3p6  !S). 
Above  the  3p  ionization  limit,  Ca**  is  mainly  created 
through  the  autoionization  following  the  3p  ionization. 
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Fig.  2 

Fig.  3  shows  the  yield  of  Sr**.  The  situation  is 
expected  to  be  similar  to  the  case  of  Ca.  There  is, 
however,  a  few  differences.  For  instance,  Sr**  cannot 
be  produced  through  the  two-step  autoionization  process 
at  49.2  nm,  because  Sr*  has  no  autoionizing  states 
below  that.  More  detailed  analysis  of  the  experimental 
data  for  Sr  is  in  progress. 


Fig-  3 
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ELECTRON  ANGULAR  DISTRIBUTIONS  FROM  AUTOIONIZING  BARIUM  RYDBERG  STATES 
U.  Eichmann,  V.  Lange,  M.  Volkel  and  W.  Sandner 
Fakultat  fUr  Physik,  Universitat  Freiburg,  Hermann-Herder-Str.  3,  7800  Freiburg,  West  Germany 


Interchannel  interactions  in  alkaline  earth  atoms 
cause  irregularities  in  bound  state  Rydberg  series  below 
the  first  ionization  limit  and  autoionization  above  it. 
While  both  phenomena  are  equivalent  from  a  theoretical 
point  of  view,  their  experimental  investigation  requires 
rather  different  techniques.  In  particular,  a  complete 
analysis  of  the  autoionizing  Rydberg  states  requires 
energy  resolved  intensity  and  angular  distribution 
measurements  of  autoionization  electrons. 

We  report  an  experiment  on  the  angular  distribution 
of  autoionization  electrons  from  (6P3/2ns)j=l  Rydber9 
states  in  Barium,  in  the  energy  region  above  the  6p^2 
threshold  (n  >  12).  Autoionization  can  occur  into  four 
different  final  ionic  state  of  8a  +  :  6P 1/2 ’  ^3/2*  ^5/2 
and  6Sj^2'  In  each  case  the  angular  distribution, 
following  excitation  from  the  bound  6sns  (^Sg)  Rydberg 
states  with  linearly  polarized  laser  light,  is  given  by 
I(e)r*  1+  sP2(cose).  The  B  parameters  for  the  various 
final  states  are  shown  on  fig.  1.  We  note  that  electrons 
from  the  two  Ba+5d  final  states  were  energetically  not 

resolved  in  this  experiment.  In  contrast  to  related 
1  2 

studies  *  the  present  work  focuses  on  the  pronounced 
energy  (or  n-)  dependence  of  8  found  for  each  of  the 
final  ionic  states,  most  dramatically  observed  in  case 
of  the  Ba+5d  channels. 

Examination  of  the  process  reveales  a  total  of  13 
channels  being  involved,  leaving  some  90  parameters  to 
be  determined  by  a  complete  MQDT  analysis.  Moreover, 
since  no  isolated  perturber  states  are  known  in  this 
energy  region,  any  MQDT  treatment  could  only  produce 
weakly  energy  dependent  B  parameters,  in  sharp  contrast 
to  the  experiment.  Therefore,  instead  of  a  MQDT- 
parametrization  we  have  undertaken  ab  initio  Hartree 
Fock  calculations  of  the  autoionization  processes  under 
consideration.  The  theory  produces  interaction  matrix 
elements  and  continuum  phases  for  each  channel;  8 
parameters  were  then  calculated  using  expressions 
derived  from  general  angular  correlation  theory. 

As  shown  on  fig.  1,  the  calculations  yield  b- 
parameters  which  are  in  good  agreement  with  the 
experiment  for  low  n  (n-9),  but  fail  to  reproduce  the 
energy  variations  for  high  n.  However,  it  was  found  that 
a  shape  resonance  occurs  in  the  5dtf  channels,  which 
causes  variations  in  both  the  matrix  elements  and  f-wave 
continuum  phases.  Even  though  the  predicted  energy 
position  of  the  resonance  (-120000  cm"')  is  far  outside 
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Fig.  1:  8  parameters  for  autoionization  of  the 

Ba(6p3^2ns)j=1  states  into  the  Ba+6s1/2  (□), 
6pi/2  (^)  and  5d  (O  )  continua.  Open  symbols; 
this  work,  filled  symbols:  Ref.  1.  Dashed  lines: 
HF  calculation  (this  work). 

the  region  of  this  experiment,  model  calculations  of  the 
Ba+5d  B  parameter  in  the  vicinity  of  a  shape  resonance 
exhibit  a  surprising  similarity  with  those  shown  on 
fig.  1.  We  note  that  the  accuracy  of  the  Multi 
Configuration  Hartree  Fock  program  in  calculating  the 
Ba+  core  may  well  be  insufficient  to  reproduce  the 
energy  position  of  the  shape  resonance  to  a  precision 
required  for  this  investigation.  Therefore  it  is 
conceiveable  that  the  observed  energy  variations  in  t 

are  caused  by  shape  resonances  in  the  (Ba*5d,»t.f)  ,  . 

- 1  J  = 
channels,  located  about  64000  cm  above  the  ground 

state.  Consequently,  this  work  emphasizes  the  importance 

of  including  intrachannel  resonances  into  the  analysis 

of  autoionization  Rydberg  series,  in  addition  to  the 

usual  MQDT  treatment  of  interchannel  interactions. 
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CHANNEL  INTERACTION  OF  THE  THREE  J-3  6pjnd  AUTOIONIZING  SERIES  IN  BARIUM 
Oliver  C.  Mullins,  Yifu  Zhu,  Emily  Y.  Xu,  and  T.F.  Gallagher 
Department  of  Physics,  University  of  Virginia,  Charlottesville,  VA  22901 


The  energies  and  widths  of  a  6p^2nd  auto- 
ionizing  series  are  reported  for  n-8-17.  Above  the 
6pi/2  ionization  limit  of  Ba+  (n  >  10  for  the 
states)  the  series  is  found  to  have  approximately  con¬ 
stant  values  for  the  quantum  defect  2.85)  and  for 
*3 

the  scaled  width  (F^n  (Hartree)  i  .07) .  The  values 

compare  with  those  previously  reported^"  for  the  other 

*3 

6p3/2nd  series,  pi- 2.74  and  T^n  lO.ll.  By  reporting 
the  scaled  widths  in  Hartree  one  obtains  directly  the 
ratio  of  the  peak  widths  to  the  peak  separations.  The 

experimental  method  employed  was  to  resonantly  excite 
1  3 

6snd  *  D2  states  using  two  tunable  dye  lasers  followed 
by  excitation  of  &p3/2nc*  autoionizing  states  using  a 
third  dye  laser.  The  resulting  barium  ion  signal  was 
detected  as  a  function  of  the  frequency  of  the  third 
laser  (see  Ref.  1  and  references  therein).  The  newly 
reported  series  is  the  dominant  6p^^nd  series  formed 
when  photoexciting  the  6snd^D2  states,  whereas  the 
previously  reported  bp^j^nd  series  dominates  when 
photoexciting  the  6snd  ^2  states.  Thus,  the  two  auto¬ 
ionizing  series  are  approximately  represented  by 

6p3/2(nd3/2+nd5/2)  3nd  6p3/2(nd3/2~nd5/2) *  the  pluS 
combination,  hereon  denoted  as  6p^2nd+,  represents 

the  previously  reported  series.  This  coupling  suggests 
that  the  effects  of  the  Coulomb  interaction  of  the  two 
electrons  and  the  spin-orbit  coupling  of  the  Rydberg 
electron  are  comparable.  A  detailed  examination  of 

2 

this  excitation  process  is  currently  In  progress. 

Below  the  6pj ionization  limit,  the  two  6p^^2nc^ 
series  interact  with  the  6Pi/2nd5/2  series»  a*l  series 
being  J-3.  We  find  that  the  6Pi/2n<*5/2*  ^3/2™*  ~ 
interaction  is  somewhat  smaller  than  that  of  the 
6Pl/2nd5/2*  ^P3/2nd+  series.  Evidence  of  channel  inter¬ 
action  is  obtained  from  the  corresponding  Lu-Fano  plot, 
but  due  to  the  large  energy  width  of  autoionizing 
states,  difficulties  with  this  method  can  arise. 

Channel  interaction  results  in  the  appearance  of  multi¬ 


interactions  of  the  6P3/2n<*5/2’  ^p3/2nd+  and  t^ie 
6p^^2m^  series  and  the  continua.  Our  MQDT  treatment 
successfully  accounts  for  rather  extensive  data  over  an 
appreciable  energy  range. 

Finally  a  discrepancy  is  clarified  concerning  the 
energy  of  the  6p^y2^^+  state  and  relates  to  the  in¬ 
fluence  of  the  bound  perturber  5d7d^F^  on  the 

1,3  z 

6sl4d  D2  states. 

References 

1.  F.  Gounand,  T.F.  Gallagher,  W.  Sandner,  K.A.  Safinya 
and  R.  Kachru,  Phys.  Rev.  A  27,  1925  (198^). 

2.  L.  van  Woerkom  and  W.E.  Cooke,  private  communication. 


pie  peaks  in  the  photoexcitation  spectra  of  certain 
1  3 

6snd  *  D2  states  as  the  autoionizing  state  wavefunc- 
tions  are  mixed,  thus  allowing  for  a  direct  determina¬ 
tion  of  channel  interaction.  The  autoionizing  state 
energies  and  widths  and  the  photoexcitation  spectra  can 
be  accounted  for  using  multichannel  quantum  defect 
theory  (MQDT).  Previously,  a  four  channel  (two  bound 
channel)  MQDT  analysis  was  successful  in  describing  the 
interaction  of  the  6pjy2nd5/2  an<*  ^3/2nd+  series  an(* 
the  continual  Here,  we  report  the  results  of  a  six 
channel  (three  bound)  MQDT  analysis  to  treat  the 
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THE  RESONANT  PHOTOIONIZATION  OF  H  ATOM  IN  INTENSE  MAGNETIC  FIELDS* 
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The  structure  of  the  hydrogen  atom  in  Intense  mag¬ 
netic  fields  continues  to  attract  considerable  atten¬ 
tion  in  the  literature.  Interest  in  this  system  is 

partly  due  to  the  existence  of  Intense  field  strengths, 
q  12 

of  the  order  of  10  to  10  gauss,  at  certain  astro- 
physical  objects  like  the  magnetic  white  dwarfs  and 
neutron  stars  respectively.  For  magnetic  fields  B  be- 

M  •)  Q 

yond  a  critical  value  Bq  *  *  2.35  x  10  gauss, 

an  adiabatic  separation  of  the  cyclotron  motion  of  the 
electron  from  the  Coulomb  field  dominated  motion  along 
the  orthogonal  direction  is  useful  for  studying  some 
aspects  of  the  spectrum*  However,  the  nonseparability 
of  these  motions  itself  becomes  responsible  for  certain 
interesting  features*  These  Include,  e.g. ,  the  so- 
called  strong  field  mixing  pattern*  expected  around 
the  ionization  edge  at  somewhat  lower  fields,  as  well 
as  the  appearance  of  the  autolonlzlng  states  above  the 
ionization  threshold.  For  y  in  the  range  of  2  to  500, 
the  energies  and  widths  of  several  of  the  autolonlzlng 
states  {Efln  Cm")}  below  the  first  two  excited  Landau 
thresholds  have  been  recently  obtained  via  the  ab  ini¬ 
tio  complex-coordinate  coupled-Landau-channel  (CCCLC) 
formalism,  where  N  Is  the  Landau  quantum  number  (N  “ 
0,1,2,...),  nz  Is  the  "hydrogenlc"  quantum  number  (n^  - 
0,1,2,...,  for  each  N),  and  a  and  ¥  are  respectively 
the  magnetic  quantum  number  and  the  "z“  parity. 

The  preaence  of  these  autolonlzlng  states  la  ex¬ 
pected  to  have  a  pronounced  effect  on  the  excitation 
spectrum  of  the  system  In  an  appropriate  radiation 
field.  In  this  paper  we  shall  present  a  nonperturba- 
tlve  complex  quasi-energy  formalism^  which  allows  ac¬ 
curate  treatment  of  photoabaorptlon  cross  sections  and 
resonant  line  shapes  for  both  one-photon  (In  weak  ra¬ 
diation  fields)  and  multi-photon  (in  strong  radiation 
fields)  processes  In  the  presence  of  Intense  magnetic 
fleldB  on  an  equal  footing. 

Figure  1  depicts  the  one-photon  Ionization  spec¬ 
trum  for  a  hydrogen  atom  In  the  preaence  of  a  strong 
magnetic  field  (y  *  2,  or  B  -  4.7  x  10^  G).  This  cor¬ 
responds  to  the  photoabaorptlon  from  the  tightly  bound 
state  (i.e.,  N  -  0,  nt  -  0,  m*  *  0+).  The  continuum 


oscillator  strength  distribution  df/du  la  seen  to  he 
monotonlcally  decreasing  from  a  finite  value  of  about 
0.5  a.u.  at  the  Ionization  threshold  until  the  kinetic 
energy  of  the  photoelectron  Ek  *  lbo  -  |Re[Ep0(0+)]  | , 
approaches  the  first  (N  -  I)  excited  Landau  threshold 
at  2  a.u.,  when  the  strong  enhancements  due  to  the 
preaence  of  the  N  ■  1  autolonlzlng  resonance  states 
(n2  _  0,1,2)  can  be  seen.  Tbe  N  ■  2  resonances  are 
also  visible  for  the  four  lowest  autolonlzlng  states. 
For  each  N,  these  resonances  form  an  Infinite  "Ryd¬ 
berg"  series  converging  to  -  Ny  (a.u.).  Tbe  asym¬ 
metric  photoabsorption  line  shapes  characterizing  tbe 
bound-continuum  Interactions  are  well  resolved  for 
this  system  for  the  first  time.  Detailed  structure 
of  the  photolonlzatlon  spectra  as  a  function  of  N, 
n2,  y,  etc.,  will  be  presented. 


K.E.  OF  PHOTOELECTRON  Ek  (o  u.l 

Fig.  1 
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PHOTO  IONIZATION  OF  F.XCITED  Cs  I  STATES 
Constantine  E.  Theodosiou 
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Recent  measurements  and  Hartree-Slater  calculations 
disagree  on  the  photoionization  cross  sections  of  ex¬ 
cited  cesium  atom  states.  Of  particular  relevance  to 
this  work  are  two  different  measurements  on  Cs:  (a)  the 
6‘D(3/2)  photoionization  by  Gerwert  and  Kollath,1  and 
(b)  the  72S(l/2)  photoionization  by  Gilbert  et  al.?  Cal¬ 
culations  by  Manson  and  coworkers*  exist  for  both  cases 
and  they  predict  Cooper  minima  in  the  wavelength  region 
of  both  experiment'll  investigations.  Gerwert  and 
Kollath  failed  to  detect  any  minimum  between  about  400 

Q  1 

and  600  A.  The  one-point  measurement  of  Gilbert  et 
al.,2  being  roughly  twice  the  theoretical  value,3  is 
supposedly  straddling  a  Cooper  minimum;  therefore,  it  is 
hardly  useful  in  indicating  the  general  shape  of  the 
photo ionization  cross  section  in  this  wavelength  region. 

The  present  work  was  motivated  by  the  desire  to  in¬ 
vestigate  thoroughly  the  potential  as  well  as  the  limi¬ 
tations  of  the  Hartree-Slater  approach.  To  that  end  we 
used  the  following  improvements  over  the  traditional 
application  of  this  approximation: 

1.  Since  we  are  studying  photoionization  of  excited 
states,  we  should  use  the  appropriate  self-consistent 
field  of  this  excited  state  rather  than  the  ground  state 
potential  tabulated  by  Herman  and  Skilman 

2.  Since  cesium  is  a  heavy  element  (Z=55),  spin- 
orbit  interaction  and  relativistic  effects  on  its  photo¬ 
ionization  ought  to  be  significant.  We  have  included 
those  effects  by  adding  to  the  Hartree-Slater  potential 
V(r)  the  appropriate  term  from  Pauli’s  equation: 

,,  ,  ,  I  a2 _  I  dV 

soU;  '  2  (l+(az/4)  (E-V(r) ) )  *  r  dr  -  - 

where  a  is  the  fine  structure  constant.  The  full  rela¬ 
tivistic  form  is  used  here  to  ensure  that  the  potential 
has  the  correct  behavior  near  the  origin. 

Some  of  our  results  are  shown  in  the  following  Fig¬ 
ures.  In  the  case  of  6D  we  show  three  curves:  HSl ,  HS 
result  of  Refs.  3;  HS2 ,  our  HS  result,  including  spin- 
orbit,  using  the  ground  state  configuration  potential; 
HSJ,  our  HS  result,  including  spin-orbit  interaction, 
using  the  excited  configuration  potential;  relative 
experimental  data  from  Ref.  1,  normalized  to  our  curve. 

We  notice  that  the  HSJ  curve  agrees  very  well  with 
experiment.  Still,  however,  more  experimental  data  are 
necessary  to  clarify  whether  the  experimental  Cooper 
minimum  is  actually  at  lower  or  higher  wavelengths.  In 
the  case  of  7S  we  show  four  curves:  dashed  lines,  not 
including  spin-orbit  interaction;  full  lines,  including 


spin-orbit  interaction; 

G.,  our  HS  result,  using  the  ground  state 
configuration  potential;  E,  our  HS  result,  using  the 
excited  state  configuration  potential:  I,  experimental 
point  from  Ref.  2,  renormalized  using  our4  accurate 
7s  lifetime.  We  see  that  the  excited  conf iguration 
potential  yields  a  better  agreement  with  experiment, 
although  trying  to  fit  one  experimental  point  is  not 
informative  enough. 
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We  present  the  theoretical  result  of  a  comprehen¬ 
sive  study  on  the  effect  of  the  configuration  inter¬ 
action  to  the  photoionization  of  Mg  Atom  with 
particular  emphasis  given  to  the  *P  autoionization 
structure  dominated  by  the  doubly  excited  states  above 
the  first  ionization  threshold. 

The  final  state  of  the  transition  is  represented 
by  the  superposition  of  the  configuration  wave- 
functions  corresponding  to  three  configuration  series, 

i.e. ,  [3pns],  [3pnd],  and  [3sn(e)p],  The  basic 

theoretical  procedure  is  similar  to  that  of  Fano1  and 
2 

Bates  and  Altick  with  two  important  modifications. 

i)  Instead  of  using  the  usual  HF  orbit  in  the  . 
superposition  of  the  wavefunctions  representing 
different  doubly  excited  states  in  the  total  wave- 
function  Ye,  we  have  employed  a  configuration  wave- 
function  by  diagonalizing  the  N-particle  Hamiltonian 
matrix  with  a  set  of  orbital  wavefunctions  generated 
in  a  non-local  potential  field  which  pre-diagonal izes 

3 

the  Hamiltonian  for  a  given  configuration  series, 
ii)  The  principal  value  integral  is  evaluated 

with  the  exact  numerical  solution  with  the  differential 

a 

equation  technique  developed  elsewhere. 

The  *S  initial  state  of  the  transition  is 

characterized  by  a  superposition  of  wavefunctions 

2 

representing  configuration  series  [nt  ,n£mt(m>n)]  with 


1=0,  1,  2,  •••••  Again  the  wavefunction  is  constructed 
in  a  non-local  potential  which  pre-diagonal izes  the 
Hamiltonian  for  a  configuration  series  of  given  1. 

In  this  study,  we  have  calculated  the  photo¬ 
ionization  cross  section  at  energy  above  the  first 
ionization  threshold.  The  transition  amplitude  can  be 
separated  into  three  parts: 

1)  contribution  due  to  the  direct  transition  from 
the  initial  state  to  the  final  state  continuum 
background, 

2)  contribution  due  to  the  direct  transition  from 
the  initial  state  to  the  final  doubly  excited 
state  embedded  in  the  continuum,  and 

3)  a  second  order  contribution  corresponding  to 
the  "two-step”  transition  from  the  initial 
state  to  the  final  configuration  mixed  state. 

The  result  of  the  calculation  will  be  presented. 

This  work  is  supported  by  NSF  under  Grant  No. 
PHY84-08333. 
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THRESHOLD  EFFECTS  IN  INNER-SHELL  PHOTOIONIZATION  OF  OPEN-SHELL  ATOMS: 

HARTREE-FOCK  CALCULATIONS  OF  BORON 

Samir  K.  Bhattacharya  and  Steven  T.  Manson 

Department  of  Physios  and  Astronomy,  Georgia  State  University,  Atlanta,  Georgia  30303  USA 


Although  open-shell  atoms  constitute  most  of  the 
periodic  table,  surprisingly  little  experimental  work 
has  been  done  on  their  photoionization.  On  the 
theoretical  side,  there  is  very  little  past  the  simple 
central-field  level,  particularly  for  inner  shell 
processes.1  We  have,  thus,  embarked  on  a  program  of 
calculation,  at  the  Hartree-Fook  level,  of  inner-shell 
photoionization  cross  sections. 

In  this  abstract,  we  report  on  our  results  for 
boron,  an  open-shell  atom,  whose  ground  state  is 
1s22s22p  2P.  The  calculations  were  performed  using 
discrete  wave  functions  for  B  and  B+  (fully  relaxed)  by 
the  method  of  Clementi.2  The  continuum  wave  functions 
were  calculated  using  our  own  code.3  Photoabsorption 
by  a  2s  electron  leads  to  six  possible  channels: 
( 1  s22s2p  1  P)ep  2S,  2P,  2  D  and  ( 1  s22s2p3P)ep  2S,  2P,  2D. 
The  two  sets  of  possible  final  states  are  physically 
distinguishable  owing  to  the  energy  difference  between 
the  1 P  and  3P  states  of  the  B+  ion  core.  This  energy 
difference,  along  with  dynamical  differences  in  the 
continuum  wave  functions  for  the  various  channels, 
leads  to  a  3P  :  *P  branching  ratio  which  can  deviate 
from  the  statistical  value  of  3.  This  is  shown  in  Fig. 
1  where  it  is  3een  that  that,  although  there  are  some 
differences  between  "length"  and  "velocity"  results, 
both  3how  very  significant  deviations  from  the 
statistical  ratio  near  the  'p  threshold  and  climbs 
towards  3  with  increasing  energy.  Also  shown  in  Fig.  1 
is  a  branching  ratio  determined  by  assuming  that  the  3P 
matrix  elements  were  the  same  as  the  3P,  only  shifted 
by  the  difference  in  binding  energy.  This  isolates  the 
the  "kinetic  energy  effect".  It  is  seen  that  the 
"kinetic  energy  effect"  does  not  entirely  explain  the 
branching  ratio.  Thus  dynamical  effects  on  the  wave 
function  are  of  importance. 

Results  for  the  photoionization  cross  section  of 
the  2p  and  Is  subshells  of  boron  will  also  be 
presented,  along  with  branching  ratios  and 
photoelectron  angular  distribution  asymmetry 
parameters. 

We  are  Indebted  to  A.Z.  Msezane  for  providing  us 
with  the  discrete  wave  functions  for  B  and  B*. 

*Work  supported  by  the  U.S.  National  Science  Foundation 
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Fig.  Is  3P:1P  branching  ratio  for  2s  photoionization 
in  boron.  The  curves  L  and  V  are  the  Hartree-Fock 
results  in  "length"  and  "velocity"  respectively,  while 
curve  K  is  an  estimate  of  the  "kinetic  energy  effect" 
as  described  in  the  text. 
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PHOTOIONIZATION  OP  THE  EXCITED  Na  ltd  STATE* 
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Photoionization  of  excited  states  has  recently 
seen  an  upsurge  of  activity  owing  to  both  the 
availability  of  light  sources  and  to  the  interest  in 
some  new  minima  which  have  been  predicted 
theoretically.1’2  It  is  of  importance  therefore  to  get 
some  feeling  for  the  reliability  of  the  calculations. 
This  can  be  done  by  comparison  with  experiment  and  with 
more  exact  calculations. 

In  this  abstract,  we  report  on  a  Hartree-Fock 
calculation  of  Na  4d  photoionization.  The  calculation 
was  performed  using  discrete  numerical  Hartree-Fock 
wave  functions  for  the  initial  atomic  and  final  (fully 
relaxed)  ionic,  state  obtained  from  the  code  of 

O 

Fischer.-’  It  was  found  that  it  was  important  to  use 

numerical  functions,  rather  than  analytic,  due  to  the 

a 

sensitivity  of  the  excited  state  orbital.  The 
continuum  wave  function  were  calculated  using  our  own 
code.-’ 

The  calculated  cross  section  is  shown  in  Fig.  1 
along  with  an  experimental  point.®  Only  a  single  curve 
is  shown  even  though  the  calculation  was  done  in  both 
"length"  and  "velocity"  formulations®  because  the 
results  are  so  close  together.  The  simple  Hartree- 
Slater  central-field  result  (not  shown)  is  also  quite 
close,  within  10J  over  the  range  shown.  The  agreement 
of  all  of  the  theory  with  the  experimental  point®  is 
seen  to  be  excellent. 

The  experiment,  which  measured  the  d  -»  f  and  d  -»  p 
cross  sections  independently,  found  the  former  to  be 
overwhelmingly  dominant  by  at  least  a  factor  of  150. 
From  our  calculation,  we  find  a  zero  in  the  d  -*■  p 
transition  about  O.leV  above  the  measured  point.  This 
explains  why  the  d^p  transition  is  so  small  and  the 
measurement  constitutes  the  first,  albeit  Indirect, 
evidence  of  the  existence  of  an  e-»e-1  minimum  in 
excited  state  photoionization,  which  has  been  predicted 
theoretically  to  be  a  widespread  phenomenon.1 


Work  supported  by  the  U.S.  Department  of  Energy  and 
the  U.S.  Army  Research  Office. 
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Fig.  Photoionization  cross  section  of  Na  4d.  The 
solid  curve  is  our  Hartree-Fock  result  and  the 
experimental  point  is  from  Ref.  6. 
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RELATIVISTIC  CALCULATIONS  OF  THE  PHOTOIONIZATION  OF  6s  SUBSHELLS  IN  HIOH-Z  ATOMS* 


B.R.  Tambe  and  Steven  T.  Manson 
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Relativistic  interactions  in  high-Z  atoms  have 
recently  been  shown  to  have  dramatic  effects  on  the 
zeros  in  the  dipole  matrix  elements  for  photoionizing 
transitions1  (Cooper  minima).  These  effects  include 
shifts  and  splittings  of  the  zeros,  from  their  non- 
relativistic  locations,  all  out  of  proportion  to  the 
strength  of  the  relativistic  interactions,  amounting  in 
some  cases  to  hundreds  of  eV!  These  effects  have  been 
studied  in  6p 1 ,  5d2,  and  5p^  subshells  of  high-Z  atoms. 
In  this  abstract  we  report  on  our  results  for  6s 
3ubshells. 

The  single  non-relativistic  6s  p  zero  becomes 
two  zeros,  6s  ->e  pj  and  6s->cp^,  under  the  action  of 
relativistic  effects.  Of  primary  interest  is  the 
energy  splitting  between  these  two  relativisitic  zeros, 
and  the  relationship  of  their  location  compared  to  the 
non-relativistic  case.  This  is  a  very  sensitive  probe 
of  relativisitic  interactions. 

Our  study  has  been  carried  out  using  Dirac-Slater 
(DS)  wave  functions  for  initial  and  final  states,  thus 
incorporating  relativistic  interactions  from  the  start. 
To  make  the  comparison  with  the  non-relativistic 
prediction,  we  have  the  Hartree-Slater  (HS)  results*1 
which  are  the  non-relativistic  analogue  of  DS. 

The  "trajectories"  of  the  zeros  are  shown  in  Fig. 
1  where  it  is  seen  that  the  zeros  in  the  two 
relativistic  transitions  behave  completely  differently 
as  a  function  of  Z.  The  transition  to  pj  behaves 
rather  like  the  non-relativistic  result,  but  the  p^ 
zero  moves  out  significantly,  as  a  function  of  Z.  In 
addition,  structure  is  seen  in  the  p3  trajectory. 

An  important  implication  of  these  results  is  that 
the  photoelectron  angular  distribution  asymmetry 
parameter,  S  ,  will  be  strongly  energy-dependent  and 
rather  different  from  the  non-relativistic  value  of 
two. 

Results  for  cross  sections  and  S's  for  a  number  of 
Z's  will  be  presented. 

*Work  supported  by  the  U.S.  National  Science 
Foundation. 
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Figure  _1_: 


Location  of  the  zero  (Cooper  minimum)  in  the 

dipole  matrix  element  for  63  photionization 

in  energy  in  atomic  units  (27.2eV)  above 

threshold  (Emin)  vs.  atomic  number  Z.  The 

relativistic  results  for  transitions  to  pj 

and  p  ’  are  shown,  along  with  the  non- 
5 

relativistic  HS  result. 
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PHOTOIONIZATION  OF  MERCURY 
K.  Bartschat  and  P.  S.  Scott 


The  Department  of  Applied  Mathematics  and  Theoretical  Physics 
The  Queen's  University  of  Belfast,  Belfast  BT7  INN,  Northern  Ireland. 


The  relativistic  R-matrix  method  of  Scott  and  Burke 
(1980),  which  allows  the  inclusion  of  all  the  one-body 
operators  (spin-orbit  interaction,  Darwin  term  and  mass 
correction  term)  of  the  Breit-Pauli  Hamiltonian,  has 


been  used  to  calculate  the  photoionization  of  the 
2  1 

(6s  )  S  ground  state  of  mercury  in  the  energy  region 


between  10.43  eV  (ionization  potential  of  Hg)  and  14  eV. 
This  energy  region  is  of  particular  interest  as  it  is 


dominated  by  a  wealth  of  structure  originating  from 
.  9  2 

autoionizing  resonances  with  configuration  5d  6s 


(  °3/2>5/2)  nV 


We  have  performed  a  5-state  close-coupling  calcul¬ 


ation,  where  the  5d*06s  5d^6s^  (^D^^  5/2^ 

and  5d^6p  (^p^^  3/2^  ^on*-c  states  have  been  included 


in  the  R-matrix  expansion.  The  target  wave  functions 
used  were  obtained  from  a  Thoraas-Fermi  model  potential 
using  the  SUPERSTRUCTURE  program  of  Eissner  et  al  (1974). 
In  fig.  1  we  present  our  results  for  the  total  photo¬ 
ionization  cross  section  a  and  compare  these  results 
with  the  experimental  data  of  Brehm  (1966).  Fig.  2 
shows  the  asymmetry  parameters  B  (experimental  datr.  from 
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Fig.l:  Total  cross  section  o  for  the  nhotoionisation 
of  the  (6s2) ground  state  of  Hg; 

-  theory,  -  experiment  (Brehm  1966). 
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Fig. 3:  Spin  oolarisation  parameter  £  for  the  photo- 

ionisation  of  the  C6s2) 1 S0  ground  state  of  Hs; 
-  theory,  |  experiment  (Schafers  et  al  1982), 


■  -V  * 


Brehm  and  Hdfler  1978),  while  in  fig.  3  we  give  the  spir 
polarization  parameter  £  which  describes  the  polari¬ 
zation  of  photoelectrons  produced  by  unpolarized  or 
linearly  polarized  light  (experimental  data  from 
Schafers  et  al  (1982). 

It  is  intended  to  extend  these  calculations  to 
higher  energies  and  to  use  the  relativistic  R-matrix 
method  to  study  the  photoionization  of  other  atoms 
such  as  Xe  and  Cd.  The  latest  results  in  these 
areas  will  be  presented  at  the  conference. 
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RADIATIVE  TRANSITIONS  IN  CALCIUM  IONS 


1  2 
K  L  Baluja  and  K  T  Taylor 
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Oscillator  strengths  have  been  obtained  for  transitions 
between  low-lying  states  of  Ca  III  with  dominant 
configurations  3p^ ,  3p^3d  and  3p^4s  calculated 
using  the  program  of  Hibbert1.  These  states, 

(all  corresponding  closely  to  a  pure  LS  coupling 
scheme)  were  each  represented  by  about  20  single 
electron  configurations  that  allowed  for  internal, 
semi-internal  and  all-external  correlations  by 
means  of  single  and  double  electron  excitations 
to  pseudo-orbitals  4p,  4d  and  4f.  Of  these  correlations 

the  most  important  was  found  to  be  that  linking 
2  2 

3p  to  3d  arrangements,  a  fact  not  previously 
recognised  for  this  ion.  The  excitation  energies 

calculated  for  these  states  are  compared  with  the 

2,3 

experimental  results  of  Borgstrom  in  Table  1 
and  the  agreement  is  very  satisfactory.  Only  two 
dipole  allowed  absorption  transitions 


State 

Present 

Calculation 

„  .2,3 

Experiment 

3p53d  3P° 

0.0303 

0.032! 

3p5!d  V 

0.9709 

0.9849 

3p53d  ' D° 

1.0287 

1.0460 

3p53d  3D° 

1.0336 

1.0466 

3p53d  'f° 

1.0405 

1.0547 

3p^4s  ^P° 

1 . 1088 

1 . 1323 

3p54s  ’p° 

1 .1286 

1.1409 

3p53d  'p0 

1.2729 

_ 

1.3164 

TABLE  1  Excitation  energies  (in  au)  of  3p^3d  and 


3p54s  levels  of  Ca  III  from  the  ground 
state . 

(3p6  ^ S  -*3p54s  1  P°  and  3p6  ^S-*3p53d  V°)  occur 
among  the  9  states  considered.  Length  and  velocity 
values  for  the  corresponding  oscillator  strengths 
are  in  excellent  accord  and  are  given  in  Table  2. 


■'  Transition 

Length 

Velocity 

i  3p  S  -*3p  4s  P 

0.7093 

0.7229 

,  6  1_e  5~,  lDo 

j  3p  S  -*-3p  3d  P 

3.6883 

3.6811 

TABLE  2  Absorption  dipole  oscillator  strengths  in  the 
length  and  velocity  formulations  transitions 
in  Ca  III . 


A  general  representation  of  each  LS  tt  symmetry 
of  the  Ca  II  system  was  then  obtained  using  the 

4 

R-matrix  method  of  Burke  et  al  .  This  involved 
close-coupling  single-electron  wavefunctions 
IL  .(r)  satisfying  a  common  logarithmic  boundary 
condition,  to  the  multi-configurational  wavefunctions 
of  Ca  III  described  above.  This  is  represented  by 


1|LS  *  =  E>k.C.  .  *.  U  .  .(r)  +  Id, 

.  .  in  l  li  jk 

i]  J  J  3 


(1) 


1 

U.  .  (r) 
J-D 


d'J.  . 
dr 


=  0 


where  the  boundary  radius  a  was  chosen  to  be 
10  Bohr.  The  consist  of  the  wavefunctions 

for  the  nine  Ca  III  states  combined  with  spin  and 
angle  functions  for  the  last  electron,  is  the 

anti-  symmetrisation  operator  and  configurations 

are  composed  entirely  from  the  bound  orbitals 
used  in  constructing  the  Ca  III  wavefunctions. 

Matching  on  the  spherical  boundary  to  the  strongly 


energy  dependent  single-electron  multi-channel 

wavefunction  outside,  gives  the  coefficients  C^ 

and  d  . . 

3 

Radiative  transitons  from  the  ground  state 
of  Ca  II  are  represented  by 


h\>  +  Ca  II  (2Se) 


Ca*II  (2P°) 

(Ca  III  +  e")2P°. 


where  the  first  arrow  corresponds  to  photon  absorption 
that  leads  to  a  bound-bound  transition  in  the 

ion,  whilst  for  the  second,  the  photon  has  sufficient 
2  e 

energy  to  ionise  Ca  II  (  S  ).  We  have  represented 
both  these  bound  and  free  states  of  Ca  II  by  R-matrix 
wavefunctions  of  the  form  (1)  thus  allowing  an 
equivalent  representation  of  both  sides  of  the 
dipole  matrix  element.  These  calculations  are 
still  in  progress  but  oscillator  strengths  and 
photoionisation  cross  sections  for  Ca  II  will  be 
presented  at  the  conference. 
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The  process  of  atomic  autoioni2ation  is  most  fa¬ 
miliar  as  a  multielectron  effect.  In  zeroth  order, 
a  doubly  excited  discrete  state  is  degenerate  with  one 
or  more  continua  from  other  channels.  Any  coupling  be¬ 
tween  these  channels  leads  to  a  mixed  state  Yg,  inter¬ 
preted  as  an  initially  stable  state  that  decays  via  the 
continua.  Interference  effects  result  in  asymmetric 
Fano  profiles,1  ( e+q )2/( e2+l ) ,  e  •  (E— EQ) / ( T/2) ,  where 
r  is  the  width  and  q  depends  on  the  particular  transi¬ 
tion  to  Yg. 

One  excited  electron  outside  a  closed-shell  core 
cannot  autoionize  because  it  has  a  unique  threshold  — 
no  discrete-continuum  degeneracy  is  possible.  However, 
an  exception  occurs  when  the  atom  is  in  a  dc  electric 
field  F  -  Fz.  Field-induced  autoionlzatlon  of  a  single 

2 

electron  is  neither  a  new  phenomenon  nor  a  theoretical 
perplexity,^  but  it  has  only  recently  been  approached4 
in  the  spirit  of  Ref.  1.  We  present  here  a  simple, 
useful  result  based  on  Fano's  archetype. 

Consider  an  electron  photoexcited  to  a  high 
Rydberg  state.  Outside  the  core  one  finds  the  poten¬ 
tial  V(r)  -  -1/r  +  Fz  (a.u.).  The  threshold  is  lowered 
from  E-0  to  E£-  -2b/f,  above  which  lie  continuum  states. 
In  H,  V(r)  applies  everywhere  and  the  Schrddlnger  equa¬ 
tion  is  separable  in  parabolic  coordinates.4  For  any 
F,  rn-lnij,  F*-l/2  v“2,  eigenfunctions  are  labeled  by 
nj-0,If*>>  with  eigenvalues4  Aj^m(E)  ( — 1 <A< 1 ) .  Each 
n^-channel  has  a  potential  barrier  with  a  maximum  at 
•  -(2(1-A^  _(E))Fl*  Stark  wave  functions 

njW  njin 

can  always  tunnel  to  but  when  E<EC  there  exist 

quasi-stable  levels  Ennjffl(F)  where  the  tunneling  rate 

is  negligible  (n  extrapolates  to  the  principal  quantum 

number  at  F-0).  The  key  feature  in  the  range  Ec<e<0  is 

that  states  with  A^  <  A_(E,F)  ?  I  -  2  j  E/E  I2  have  E  > 

E*a*(E)  and  ionize,  whereas  those  with  AE  _  >  A„  are 
n\m  n\n  c 
below  the  barrier  and  still  stable.  Thus,  continua  and 

(quasi-)  discrete  states  are  degenerate  in  H,  though, 

being  eigenstates,  they  do  not  mix. 

A  spherically  symmetric  core  couples  the  n^- 
channels.  To  match  to  core  boundary  conditions,  where 
)Fz|  <<  1/r,  we  appeal  to  Coulomb  degeneracy  and 
expand  |Enj«n>  in  spherical  functions'*  .  |Enjm>  - 
£j>isun  ijEJtm^  The  coefficients  Un  for  fixed  tn<<v 
reduce  to  normalized  Legendre  functions,  Un  - 
(2/v)1^2  (-1)*  Thus  we  obtain  from  the 

spherical  reaction  matrix  <E«,m|K|Etm>  •  -x”1  6|«|tanAg 


the  coupling 


<Enjm|K|En1m>  *  -x 


-1 


U  ,,  V  „  tan  (1) 

•  *2™  n  j  9 m  n  j  tm  9 


with  quantum  defects  (u^*^g/x}.  One  stable  state 


nl  ^Enn.m 


E)  autoionlzlng  to  continua  fnj=c*  has  a 


decay  rate  T  •  2x(dA/dE )” 


| K | c>  and  x  ^A/dE  is  the  n^-channel's  densitv  of 


where  Kc  *  <n^ 


states  (we  have  Ignored  the  shift  Fq ) ,  The  asymmetry 


parameter  for  photoexcitation  from  an  initial  state 
|0>  is1  q  ■  d/[x  Z ^  K^d^J,  where  d  and  dp  are  dipoles 
“  Mini  mi  r.nv  v  r_  nepenos  on  poianzacior^' 


c  c  c ' 

^n^m  *  <Enjm|rm|o>  ^rm  depends  on  polarization3)  or, 
in  terms  of  spherical  dipoles  <Vm  *  V’n,*msec<V>m- 
The  known  (F«0)  atomic  parameters  ^Mf,d|m),  transfor- 

F 

matlon  Ufl  and  eigenvalues  An^m,  completely  deter¬ 
mine  T  and  q. 


A  further  simplification  follows  from  noting  that 
all  continua  satisfy  -1  <  A^  W(E)  <  AC(E,F).  We  re- 


place  Zc  VcVmVetn  by  the  matrix 


b!.,  (E)  -  (-l)*'+t  A  P..  (A)P  (A)dA  ,  (2) 

t  i ,  m  j  t  m  tm 


which  projects  the  total  H  continuum  background  onto 
l-channels  for  fixed  m  1BF(EC)«0,  BF(n)»Af ,  t ) .  Thus, 
at  E-E, 

q  -  -(U  seed  d°)/(U  tan*  BF  seed  d°)  (3) 

f  -  2x_1(dE/dA)  (tl  tanS  RF  tan*  1IT)  ,  (4) 

where  U  (d°)  is  a  row  (column)  vector,  sec*  and  tan* 
diagonal  matrices.  Equations  (3)-(4)  serve  to  classify 
observed  trends  in  autoionlzatlon  lineshapes  and  widths 


in  two  ways:  (i)  with  approximate  eigenvalues  A  **  2(nj  + 


1/2  +  m/2)/n  -  l,  the  discrete  states  are  identified 


through  Un  *  P £m( A) ;  (ii)  the  range  of  the  continua 
(2)  scales  with  F  through  the  ratio  r  -  |f/Fc|2.  For 


example,  for  p*d(m“l)  transitions  in  He,  Li,  or  Na,  we 


keep  only  and  d°|  and  find  q  ■  A/f3  tan*|  r^(l-r)zl 
~2  ? 

and  f  «  (1-A  )(l+2r)(l-r)  :  q  reverses  sign  and  V  is 


largest  when  A  •  0,  T*  increases  with  the  continua  from 
r"l  to  0,  and  q*»  (symmetric  profiles)  at  r  ■  0,1. 
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The  removal  of  a  bound  electron  from  an  atom  or 
ion  by  photoabsorption  Is  a  half-scattering  process: 
the  system  Is  promoted  from  y  to  an  excited  state  fE, 
and  this  condensed  state  then  fragments  outwards.  Chan¬ 
nels  { 1 }  denote  quantum  numbers  LSJir  for  the  core,  elec¬ 
tron,  and  coupled  system.  The  escaping  electron  has  a 
channel-dependent  energy  »  E  -  Ej  for  core  states 
with  nondegenerate  E^.  Now  the  unwritten  assumption  Is 
that  the  Ionization  thresholds  e^”0  derive  from  an  In¬ 
finite  potential  barrier  (taken  here  to  be  Coulomb,  V  - 
-Z/r).  This  Introduces  a  distinction  —  which  we  re¬ 
gard  as  artificial  —  between  discrete  (Ej  <  0)  and  con¬ 
tinuum  (c^  2  0)  states.  They  have  tunneling  Integrals 
t  -  Im  fc(t,,)dr'  -*■  +>*  and  respectively,  l.e., 

zero  penetration  below  and  zero  reflection  above  the 
Infinite  plateau  at  e1-0.  The  distinction  la  removed 
by  adding  to  V(r)  a  term  -Fr  (F>0),  which  renders  the 
barrier  finite  and  all  wave  functions  continuous  as  r* 

“.  This  clue,  borrowed  from  Stark  theory,  ultimately 

serves  both  to  extend  the  density  of  states  (DOS)  view 
1  2 

of  the  Stark  effect  to  multichannel  systems  and  to 

generalize  Che  multichannel  quantum-defect  theory 
a 

(MQDT)  of  spectra  to  arbitrary  long-range  barriers. 

Consider  a  single  channel  wave  function  T(r)/r  at 
excited  energy  e.  He  define  three  regions:  (A)  short- 
range,  r  £  r0  ”  core;  (B)  Intermediate,  rQ  ^  r  £  rj  • 
first  turning  point  of  k(r)  (complex  at  e  >  -2/ZF);  (C) 
long-range,  rj  £  r  <  In  (B)  we  choose  energy-nor¬ 
malized  basis  functions  (f,g)  “  k_1^2(sin*,-cos*), 

♦e(r)  -  R ejg  k(r’)dr’  +  x/4,  k2(r)  *  2(c-V(r));  these 
WKB  forms  apply  to  highly  excited  states.  Boundary 
conditions  (be)  at  r  ■  r0  are  given  by  K  •  tanS  (S**u). 
The  normalized  eigenfunction  In  region  (B)  Is  then  f  ■ 
cos6(f(r)  -  K  g (R ) ] .  We  formulate  the  scattering  prob¬ 
lem  as  follows.  An  "initial"  state  (i*”f  is  scattered 
by  the  core  Into  the  state  “  g-Wf.  H(e)  Is  chosen 

so  that  <>+  satisfies  outgoing  wave  be  at  r-»  •.  Without 
long-range  barriers  (r j  +  “)  we  would  have  H~l  and  ♦+  « 
e+1^  as  usual.  In  the  presence  of  barriers  one  finds'’2 
W(e)  -  -cot ( 9+1 y)  =  h+iH,  where  »(e)-x/2  -  *(r1)-x/4  is 
the  accumulated  phase  and  y(e)  «  1/4  tn(l+e_2T);  *  and 
-t  Increase  with  c.  Note:  (1)  N(e)  has  a  series  of 
poles  *„(e)  -  nx-lYl  (11)  the  width  2y(e)  Increases 
from  0(e”2t),  when  r»0  (far  below  barrier),  to  |r|, 
when  x«0  (far  above).  The  limits  for  H(t),  -cot*  + 
l*S(*(mod*))  at  t*  +■  and  0+1  at  r+  —»  (Independent  of 


♦),  correspond  to  pure  discrete  and  continuum  states. 
The  total  wave  function  Is  F(r)  -  -  T<i+  »  (l+TW)f  - 

Tg,  yielding  the  transition  or  "scattering"  amplitude 
T(e)  “  [cotS  -  W(e)]”1.  The  scattering  cross  section 
for  **  *  fi+  is  thus  D(e)  «  Im{T(£)},  in  analogy  to  the 
absorption  of  radiation  hy  a  system  with  susceptibility 
T(e). 

We  normalize  D(e)  so  that  It  averages  to  unity  per 
accumulated  state  (when  Integrated  over  any  range  0  < 
*(modx)  <  *]  by  setting 

D(e)  -  (K~2+l )  IibIK”1  -  W(e))“l 

•  csc6  Im[cot6  +  cot(t+iy)]”*  cbc<S  •  (1) 

This  renormalizes  all  Fe  per  unit  energy  at  r*  •  in¬ 
stead  of  r<rj.  Thus  D(e)  is  properly  a  DOS  cross  sec¬ 
tion  describing  the  redistribution  of  the  smooth  DOS 
»  'dt/dc  by  the  barrier  (whereby  the  optical  theorem 
Im{T)  •  |t| 2  is  satisfied  only  on  the  average).  The 
actual  photoexcitation  cross  section  o(c)  «  d  D(c)d 
must  Include  the  dipoles1  d  -  <VE|r|?0>.  Eq.  (1)  re¬ 
duces  to  Im{cot [ (*+4)+1y] } ,  which  In  the  discrete  re¬ 
gion  has  shifted  poles  *n“(n-u)x-10+,  as  expected.  In 
the  continuum  (y««>)  we  get  T«Im(cot«-l)-1-sln26,  the 
usual  scattering  result,  and  D«1  (no  barrier  effects). 

In  the  Stark  effect  F  Is  not  an  artifact.  There 
are  many  degenerate  channels  with  a  range  of  d*/de  and 
barrier  sizes  (the  coordinates  are  also  relabeled2). 
Most  generally  in  MODT  one  can  parametrize  a  system 
with  core  be  specified  by  a  reaction  matrix  K*VtanSV 
(diagonalized)  and,  for  arbitrary  barriers,  f*a(c), 
Ta(e)}  for  long-range  elgenchannels  (a).  If  K  Is  re¬ 
ferred  to  1-channels,  (1)  and  (a)  are  related  by  a 
transformation  Uaj  (known  for  the  Stark  effect2).  The 
multichannel  matrix  version  of  (1)  Is  then 

D  -  (K_2+1)1/2  ImlK*1  -  fftfur1  (K-Z+1)I/2 

-  N  Imlv  cot 6  V  +  U  cot(*+ly)  U)_1  N  ,  (2) 

with  N  “  V  cscS  V  (cotS,  H  diagonal).  The  poles  of 
(2)  occur  at  energies  where  det|K_1-UHU|  *  0  in  both 
quasl-dlscrete  and  autolonlzlng  spectra.  We  recover 
Seaton’s  F-0  "contracted"  formulas'1  by  putting  *c*iv, 
Yc“0  (Yq*  ”)  for  closed  (open)  channels. 
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STARK  EFFECT  AND  FIELD  IONIZATION 
Alexander  Alijah,  John  T.  Broad  and  Juergen  Hin/e 
Fakultat  f Ur  Chemie,  Universitat  Bielefeld,  D4800  Bielefeld,  Fed.  Rep.  of  Germany 


INTRODUCTION 


Perturbing  an  atom  with  a  static  electric  field  is 
known  to  alter  its  spectrum  drastically  by  trans¬ 
forming  the  bound  states  into  resonances  and  by 
introducing  structure  into  the  continuum  / i/.  In 
recent  field  ionization  experiments  / 2 / ,  it  has  been 
possible  to  measure  the  broadening  of  high  Rydberg 
states  and  peaking  in  the  continuum  for  the  espe¬ 
cially  simple  case  of  atomic  hydrogen  in  Kilovolt 
electric  fields.  The  combination  of  the  two  distance 
scales  inherent  in  the  sharply  localized  atomic 
Coulomb  force  and  the  weak,  but  long-range  external 
field  make  quantitative  theoretical  interpretation 
difficult.  Because  the  Schrodinger  equatior  for  the 
hydrogen  atom  in  a  static  electric  field  is  sepa¬ 
rable  in  parabolic  coordinates,  we  were  able  to 
develop  an  algorithm  based  on  the  amplitude-phase 
approach  introduced  by  Milne  /3/  for  bound  states 
and  extended  for  scattering  states  by  Lee  and  Light 
/4/  which  computes  the  highly  oscillatory  wave 
functions  of  the  perturbated  Rydberg  and  continuum 
spectrum  accurately  and  efficiently. 


F  -  5.  1.989  -  lo  v/i 


E  •  -9.488  •  lo  «V 


'\  h~T\i  V 


Inc  Function 


five  Function 


!  I  '-  J 


it.  ii  to 


OUTLINE  OF  THE  THEORY 

In  parabolic  coordinates,  x  *  7r+z  n  “  r-z  and 
4>  =  arctan(y/x),  the  Schrodinger  equation  for  a 
hydrogen  atom  of  energy  E  in  an  electric  field  of 
strength  F  separates  to  give  with  the  usual  quanti 
zation  of  Lz  with  quantum  number  m,  a  bound 
Schrodinger  equacion  in  x  with  the  effective 
potent i a  1 , 

m2-  I /4 


V(X> 


-  Fv2 


Ex2  +  F/4  XH 


(I) 


Its  eigenvalues,  B i ,  determine  the  effective  charge, 
82  =  Z  -  81,  for  the  unbound  equation  in  n  with  the 
effective  potential 

a2- I 


U(n)  = 


I 


2n 


8 


n, 


(2) 


with  continuous  eigenvalue  E/4.  In  an  analogy  moti¬ 
vated  by  the  perturbation  theory  of  the  field-free 
atom,  the  eigenvalues,  B|»  in  the  bound  coordinate 
can  be  numbered  by  t  lie  parabolic  quantum  number,  ni  , 
while  the  resonances  in  the  unbound  coordinate  can 
be  characterized  by  the  number  of  nodes,  n2 ,  inside 
the  potential  barrier,  which  becomes  the  remaining 
quantum  number  in  the  field-free  limit. 


Fig.  1.  Bound  Coordinate 

In  the  bound  coordinate,  the  Milne  Ansatz  leads  to 
the  quantization  condition, 


/  w-2 

0 


dX  =*  (ni  ♦  I  )*,  ni  =0,1,2,.... 


(5) 


Depending  both  on  the  energy,  E,  and  the  effective 
charge,  $2*  the  unbound  coordinate  exhibits  a  rich 
resonance  structure  caused  by  the  barrier  in  the 
effective  potential  of  equation  (2).  Lee  and  Light 
/4/  approached  such  tunneling  problems  by  deterrning 
separate  amplitudes  on  each  side  of  the  barrier 
and  matching  the  wave  function  in  the  middle.  Before 
integrating  numerically  care  must  be  taken  with  the 
non-analy t ic i ty  caused  by  the  Coulomb  force  at  the 
origin  and  the  explicit  normalization  required  by 
the  long  range  of  the  external  field. 

A  resonance  occurs  at  a  maximum  of  the  amplitude 
of  the  wave  function  inside  the  barrier  as  compared 
to  the  outside  and  very  near  to  where  the  phase 
function,  Og  =  J  w-2,  at  the  middle  of  the  barrier, 


E» 


Hg,  goes  through°(n2+l )n •  A  Lorentzian  width, 
can  be  defined  in  terms  of  d0g/dE  at  the  resonance 
energy. 


To  avoid  having  to  follow  the  numerous  osci Mat  ions 
of  the  wave  function  for  Rydberg  energies,  we  make 


for  the  amplitude  function, 


ular  solution,  U2.  Then, 

X  _2 

U|  ~  w  sin[^  u  dt  ♦  8q]  , 


(4) 


and,  if  the  initial  conditions  are  choosen  well,  U2 
will  oscillate  just  out  of  phase  with  u|  to  make 
the  amplitude,  w,  smooth  in  the  classically  allowed 
region  and  a  stable,  growing  exponential  in  the 
forbidden  region  (see  Figure  I). 


RESULTS 
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We  present  results  of  a  calculation  of  the  inner 
shell  photoelectron  angular  distribution.  This  calcula¬ 
tion  can  be  characterized  by  the  following  features: 

(1)  It  is  an  analytic  screened  calculation  with  the 
screening  effects  accounted  for  perturbatively  and  with 
the  point-Coulomb  result  taken  as  an  unperturbed  reference 
point . 

(2)  It  is  a  nonrelativist ic  calculation,  i.e.  the 
electron  wave  functions  used  and  the  electron-photon 
interaction  are  nonrelativistic. 

(3)  It  goes  beyond  dipole  approximation,  i.e.  the 
photon  plane  wave  is  not  approximated  by  1. 

Whereas  in  the  total  cross  section  the  retardation  contri¬ 
butes  terms  of  the  order  (v/c)2,  i.e.  of  the  same  order 
as  relativistic  corrections,  the  retardation  correction 
in  the  differential  cross  section  is  of  the  order  v/c, 
and  therefore  it  is  reasonable  to  calculate  nonrelativ¬ 
istic  retardation  corrections  to  the  angular  distribution 
without  taking  relativistic  effects  into  account. 

The  calculation  is  based  on  the  expansion  of  the 

screened-Coulomb  potential  in  powers  of  a  small  para¬ 
meter  X  characterizing  the  screening,  in  the  sense  that 
X'1  characterizes  the  dimensions  of  an  atom:* 

V(r)  =  -  ^  (1  +  XVjr  +  A2V2r  +...).  (1) 

This  expansion  can  be  used  to  characterize  the  screened 
atomic  potential  well  in  the  interior  of  an  atom.  It 
can  therefore  be  used  as  a  starting  point  in  the  descrip¬ 
tion  of  inner  shell  photoeffect  when  the  ejected  electron 
energy  is  well  above  threshold,  since  then  the  contribu¬ 
tion  to  the  matrix  element  comes  predominantly  from 
small  distances.  The  photoeffect  matrix  element  has  the 


M  is  the  point-Coulomb  matrix  element  of  shifted  energy 

ti  3 

with  retardation  included,  and  coefficients  a  and  b  are 
given  as  expansions  in  powers  of  X.  Here  0c  is  the 
shifted  velocity  of  the  continuum  electron,  correspondin' 
to  the  shifted  momentum  p  ,  i.e.  B  =  p  /m. 

c  C  C  4 

Results  of  previous  investigations  suggest  that  by 
Including  the  retardation  factor^  explicitly  in  the 
expression  for  matrxx  elements  one  can  obtain  a  better 
description  for  the  angular  distributions  of  photoelec¬ 
trons  than  by  using  the  multipole  expansions^  in  its 
standard  form.  We  use  results  of  the  present  analytical 
calculations  to  examine  the  utility  of  such  retardation 
factors,  and  we  also  compare  the  various  forms  of  these 
analytic  expressions  with  exact  numerical  calculation. 
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Both  initial  (bound  state)  and  final  (full  continuum) 

wave  functions  have  been  found  as  expansions  in  powers 
1  2 

of  X  previously,  *  substituting  these  expressions  for 
the  wave  functions  into  (2)  we  find  that  the  photoeffect 
matrix  element  for  s  subshells  has  the  form 


Mfi  -  Mfl  (a  +  b0c  cos  0), 


vrtiere  0  Is  the  angle  between  photon  and  electron  momenta. 
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AUTO  IONIZING  RYDBERG  STATES  OF  TRIPLET  H2 
R.  Kachru,  N.  Bjerre ,  and  H.  Helm 

Molecular  Physics  DeparCmenC,  SRI  International,  Menlo  Park,  CA  94023 


We  report  the  observation  of  autolonlzatlon  spec¬ 
tra  of  the  Rydberg  gerade  ns  and  nd  states  In  triplet 
molecular  hydrogen.  A  fast  molecular  hydrogen  beam  was 
formed  by  charge  transfer  of  H2  In  03  and  made  coaxial 
with  a  laser  beam  over  a  distance  of  100  cm.  The 
Rydberg  states  are  excited  by  a  frequency  doubled 
YAG-pumped  dye  laser  from  the  metastable  H^c^T^) 
states  present  in  the  fast  beam  to  high  lying  triplet 
Rydberg  states  which  subsequently  autoionize. 
Aitoionlzlng  states  are  detected  by  separating  H2  ions 
formed  as  a  result  of  autolonlzatlon  from  the  neutral 
beam  and  counting.  Figure  1  shows  the  experimental 
spectrum  obtained  as  the  dye  laser  In  its  low 


3350  3390  3430  3470  3510  3550 

WAVELENGTH (A) 


Figure  1  low  resolution  autolonlzatlon  spectrum  of  the 
triplet  gerade  Rydberg  states  excited  from 
the  c3(£  me testable  state.  The  resolution 
of  the  spectra  Is  limited  by  the  laser  line- 
width  of  1  cm-1. 


resolution  mode  (laser  llnewldth  1  era- * )  Is  scanned 
from  3360  to  3550  A.  The  observed  autolonlzatlon 
spectra  are  rich  In  the  number  of  lines  even  in  low 
resolution  since  four  gerade  series  are  accessible  from 
the  sixteen  vibrational  levels  of  the  c  state.  The 
dominant  peaks  In  Figure  1  arise  from  the  excitation  to 
the  nd  series  beginning  at  n-10  near  3535  A.  The 
continuous  background  In  Figure  I  Is  due  to  direct 
photolonlzatlon  from  the  c  state. 


We  have  scanned  smaller  portions  of  the  spectrum 
with  a  narrower  laser  llnewldth  (0.1  cm-*).  A  portion 
of  a  high  resolution  spectrum  obtained  near  3400  A  with 
a  0.1  cm  *  resolution  is  shown  In  Figure  2.  The  higher 
resolution  spectra  reveal  that  each  low  resolution  peak 
splits  into  several  peaks,  representing  primarily  a 
single  value  of  n.  Each  Individual  peak  shows  a  0.2 
cm  *  splitting  Indicating  the  fine  structure  splitting 
In  the  c  state. 
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Figure  2  High  resolution  spectra  of  the  autoloulzlng 
states  obtained  near  3400  A.  The  0.1  cm-1 
experimental  resolution  Is  limited  by  the 
laser  llnewldth  (0.1  cm-1).  The  Doppler 
width  in  the  fast  beam  Is  substantially 
tmallar.  The  0.2  cm-*  splittings  observed  in 
this  spectrum  corresponds  to  the  fine  struc¬ 
ture  of  the  c  state. 

Our  preliminary  analysis  Indicates  that  lines  with 
n  as  high  as  34  are  dlscernable  In  the  spectra.  A 
detailed  analysis  of  the  spectra  Is  currently  being 
prepared. 
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Introduction 

In  recent  years,  studies  of  double  photoionization 
(DPI)  have  mainly  concerned  atomic  species.  Double  ioni¬ 
zation  of  molecules  has  previously  been  studied  mostly 
by  using  electron  or  ion  impact  sources.  In  our  work, 
monoc hromat i zed  synchrotron  radiation  in  the  30-70  eV 
region  is  used  as  a  source  for  double  photoionization  of 
molecules.  The  lowest  electronic  states  of  doubly  charged 
molecular  photoions  produced  by  vertical  transitions  from 
the  neutral  ground  state  are  well  above  the  threshold 
energies  for  formation  of  the  lowest  dissociation  pro¬ 
ducts.  The  consequent  instability  or  metastability  of  the 
doubly  charged  photoions  can  lead  to  their  rapid  disso¬ 
ciation.  We  have  investigated  the  dissociative  channels 

1  2 

following  DPI  of  sulfur  dioxide  ,  methane  ,  carbon  dio¬ 
xide  and  ammonia,  using  an  original  photoion-photoion 
coincidence  (PIPICO)  technique.  The  results  have  enabled 
us  to  investigate  the  following  :  (i)  electronic  state- 
to-state  dissociation  processes  in  doubly  charged  cations, 
(ii)  electronic  state  symmetries  of  doubly  charged  ca¬ 
tions,  (iii)  partial  and  total  cross  sections  for  DPI, 

(iv)  threshold  behaviour  in  DPI,  (v)  electron  correlation 
effects  in  DDI. 

Experimental 

The  principle  of  our  PIPICO  technique  is  to  detect, 
with  a  single  detector,  the  two  ionic  fragments  resulting 
from  the  dissociation  of  a  doubly  charged  photoion  and 
to  measure,  by  delayed  coincidences,  the  difference  bet¬ 
ween  their  times  of  flight.  Comparison  of  experimental 
and  simulated  photoion-photoion  coincidence  curves  enable 
us  to  identify  the  fragment  ions  and  to  determine  the  ki¬ 
netic  energy  release.  By  repeating  the  measurements  at 
different  excitation  energies  we  can  determine  thresholds 
for  various  dissociation  processes  and  measure  the  par¬ 
tial  and  total  cross  sections  for  dissociative  double 
photoionization.  The  experimental  set-up  has  been  descri¬ 
bed  in  detail  elsewhere2. 

Results 

Methane  wilt  be  used  as  an  example.  The  measured 
(dissociative)  DPI  cross  section  of  methane  in  the  34-41 
eV  photon  energy  range  contains  two  breaks,  at  35.0  and 
38.5  eV,  which  correspond  to  the  thresholds  of  two  diffe¬ 
rent  dissociative  double  ionization  channels  : 

CH^  +  hv  -  2e"  +  CH4++  -  CH3+  +  H *  (35  eV) 


CH  +  hv  •*  2e  +  CH.  -*■  CH,  +  H  +  H  (38.5  eV) 

'  *  c  2  ++ 
as  determined  from  PIPICO  curves  .  The  two  CH^  states 

involved  at  35  and  38.5  eV  are  assigned  as  )f^T.  and  a^E 
respectively.  The  maximum  double  photoionization  cross 
section  for  Methane,  0.08  Mb,  is  considerably  less  than 
that  of  the  isoelectronic  atomic  species  Neon,  0.25  Mb^  ; 
this  appears  to  be  related  to  the  smaller  extent  of  elec¬ 
tron  correlation  effects  in  the  more  voluminous  species. 

State-to-state  studies  of  the  dissociation  of  doubly 

charged  cations  is  illustrated  with  the  case  of  CH,++ 

,<ui  +  +  4 

(a  E)  •»  CH,  +  H  +  H.  PIPICO  curve  simulation  was  car- 

v] 

ned  out  to  first  establish  that  the  a  E  state  dissociates 

into  three  products  :  CH^  +  H*+  H.  Further  simulations 

were  made  on  the  basis  of  three  different  models  of  the 

dynamics  of  the  dissociation  process  :  (i)  simultaneous 

fragmentation  statistical  model,  in  which  it  is  assumed 

that  the  internaL  energy  of  the  parent  CH,++  is  statisti- 

4 

cally  distributed  over  the  degrees  of  freedom  of  the  frag¬ 
ments,  and  that  rigorous  energy  conservation  can  be  re- 

4 

placed  by  average  energy  conservation  ;  (ii)  impulsive 
model,  in  which  H  and  H  have  equal  momenta,  directed 
along  the  C-H  bonds  ;  (iii)  Coulomb  repulsion  model  in 
which  CH^+  and  H+  fly  apart  at  180°  from  each  other,  and 
the  H  atom  takes  off  no  kinetic  energy.  Good  agreement 
with  the  experimental  PIPICO  curve  is  obtained  only  for 
the  curve  simulated  on  the  basis  of  model  (iii).  This 
finding  demonstrates  the  major  role  of  Coulomb  repulsion 
in  the  fragmentation  process. 

Results  of  similar  studies  on  dissociative  double 
photoionization  of  other  small  molecules  will  also  be 
presented. 
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INTRODUCTION 


Double  ionization  of  a  molecule  by  a  single  VUV  pho¬ 
ton  has  recently  become  an  important  subject  of  investi¬ 
gation,  thank9  to  the  development  of  ion-ion  coincidence 
(PIPICO)  techniques  /I/  which  can  characterize  dissocia¬ 
tive  double  ionization,  and  to  the  availability  of  sui¬ 
table  photon  sources  :  Hell  lamps  /2 /  or  synchrotron 
radiation  / 1,3/.  We  present  1)  evidence  of  double  ioni¬ 


zation  processes  in  the  triatomic  molecules  CS^,  OCS 


and  CO2  which  are  isoelectronic  in  their  valence  shells- 
2)  experimental  and  theoretical  determination  the  M 


electronic  states. 


EXPERIMENTAL 


Synchrotron  radiation  from  ACO,  Orsay  storage  ring 
is  monochromatized  in  the  25  to  75  eV  range,  and  then 
focussed  into  the  center  of  an  ionization  chamber,  where 
it  crosses  at  right  angles  an  effusive  jet  of  gas  ;  ions 
are  then  extiacted  into  a  traditional  two  stages  time  of 
flight  spectrometer  /3/.  Mass  spectra  are  obtained  by 


use  of  a  pulsed  extraction  field  ,  and  enable  us  to 


detect  stable  or  long  lived  (t  2  10  s)  doubly  charged 


ions.  D.C.  extraction  fields  are  used  to  measure  PIPICO 


spectra,  where  we  record  the  time -of -flight  difference 
between  temporally  correlated  ion  pairs  ;  a  coincidence 
peak  appears  whenever  the  two  ions  come  from  the  same 


event  :  M  A  ♦  B  ♦  ...  In  this  way,  "fast" 


(T  S  10  s)  dissociative  double  ionization  is  identi¬ 


fied  and  analyzed. 


A  typical  PIPICO  spectrum  of  OCS  is  presented  in 


Fig.  1  :  four  dissociative  decay  channels  of  OCS  , 


three  of  CS**  and  one  of  CO**  have  been  identified  cor¬ 


responding  either  ot  single  bond  breaking  (OC  /S  , 
0*/CS*  ;  S*/CS+  ;  O^/CO*)  or  to  complete  atomization 


(0+/C+/S,  0/C*/S*  ;  S/C*/S*,  S*/C/S*).  Peak  shapes  in 


such  spectra  are  characteristic  of  the  kinetic  energy 
released  during  the  processes.  Simulation  of  these 
coincidence  peaks  shows  that  in  most  cases,  the  availa¬ 
ble  energy  is  transfered  mainly  into  kinetic  energy  of 
the  two  departing  ions,  and  not  into  internal  exci¬ 
tation  of  the  fragments. 

Excitation  spectra  for  the  production  of  each  of 


the  dissociative  channels,  and  of  the  long-lived  M  have 


been  recorded.  Several  deductions  can  be  made  from  such 


measurements . 


-  Single  photon  double  ionization  is  a  suprisingly  in¬ 


tense  phenomenon  (most  of  all  in  CS^,  where  it  can 


account  up  to  40Z  of  the  absorption). 

-  The  different  appearance  energies  provide  experimental 
determination  of  the  position  of  the  successive  M++ 
electronic  states,  in  the  Franck  London  region. 


CALCULATIONS  OF  M  STATES 


We  performed  a  calculation  of  the  vertical  transition 


energies  using  an  ab  initio  SCF  Cl  method  with  polarized 


atomic  orbitals.  All  M  states  have  been  calculated  in 


a  10  eV  range  above  M  ground  state.  Comparison  with 
experimental  M++  appearance  potentials  leads  to  the 
following  assignements  :  the  M++  ground  state  (metasta¬ 
ble)  corresponds  to  the  ejection  of  the  two  outermost 
electrons.  The  great  density  of  states  calculated  above 
6  eV  (with  respect  to  M++  ground  state)  makes  a  definite 
assignement  of  the  dissociative  M++  states,  difficult. 
Transition  moment  calculations  are  certainly  needed  to 
clarify  the  situation. 
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Fig .  I  :  Photoion-Photoion  coincidence  spectrum  of  OCS 
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INTRODUCTION 

We  report  new  measurements  on  tetramethyl  silane,  Si 
(CH^)^,  photoexcited  by  synchrotron  radiation,  in  the  re¬ 
gion  of  the  Si2p  edge  (95-120  eV)  using  angular  resolved 
photoelectron  and  photoion  spectroscopy.  Evidence  of  seve¬ 
ral  resonances  is  made  by  measuring  selective  electronic 
decay  processes  (autoionization  and  Auger)  and  selective 
dissociation  of  both  singly  and  doubly  charged  residual 
ions. 

EXPERIMENT 

We  use  synchrotron  radiation  from  ACO  storaqe  ring 
in  the  95-120  eV  range  using  a  toroidal  grating  monochro¬ 
mator  / 1/ .  The  monochroma ti zed  photon  beam  is  then  combi¬ 
ned  with  two  different  experimental  set  ups.  a)  photo¬ 
electrons  are  energy  selected  by  a  127°  cylindrical  ana¬ 
lyzer,  rotable  in  the  vertical  plane  / 1 / .  We  record  at 
magic  angle,  either  photoelectron  spectra  (PES)  at  fixed 
wavelength  or,  keeping  the  binding  energy  constant  versus 
incident  photon  wavelength,  we  obtain  directly  correspon¬ 
ding  partial  photo ionization  cross  section,  b)  photoions 
are  analyzed  using  a  time  of  flight  (TOF)  mass  spectro¬ 
meter  /2/  which  is  operated  in  two  modes. 

-Ionic  fragments  intensities  are  recorded  using  a  pulsed 
voltage  in  the  ionization  chamber,  which  gives  a  time 
origin  for  TOF  measurements. 

-Fra  gments  ion  pairs  intensities  are  detected  by  the 
photoion-photoion  coincidence  technique  (PIPICO) .  A 
constant  voltage  is  kept  in  the  ionization  chamber  and  a 
single  detector  provides  the  start  and  stop  inputs  of  a 
time  to  amplitude  converter. 

RESULTS 

Above  the  Si2p  threshold,  existence  of  Auger  lines 
(from  the  2p  hole  relaxation)  has  been  established  by  pho¬ 
toelectron  spectroscopy  / 3/ -  They  show  a  resonant  beha¬ 
viour,  similarly  to  the  2p  cross  section,  just  above  the 
threshold.  Below  106.1  eV  Auger  lines  desappear  conti¬ 
nuously,  while  a  high  background  rises  in  the  PES.  At 
this  photon  energy,  one  of  the  three  main  valence  lines 
(binding  energy  of  21.7  eV)  shows  a  resonant  behaviour 
as  opposed  to  the  other  valence  lines.  Therefore  two  re¬ 
sonances  are  to  be  distinguished  :  one  in  the  discrete, 
is  shown  to  autoionize  into  TMS  with  an  inner  valence 
hole  of  a  a^  symmetry  and  to  produce  doubly  excited  ions 
( satellite )  involving  probably  many  valence  excitations. 
The  other  is  a  shape  resonance  lying  in  the  Si2p  conti¬ 
nuum  which  decays  primarily  into  Auger  pathways  which  al¬ 
so  involves  outer  valence  electron  ejection.  Singly  char¬ 


ged  photoion  fragment  yield  has  been  measured  in  this  re¬ 
gion  and  confirms  the  presence  of  two  different  resonances 
below  and  above  threshold.  Evidence  of  five  regularly  spa¬ 
ced  features  are  actually  seen  in  the  first,  in  good  ac¬ 
cord  with  absorption  results  /4/.  Photoion-photoion  coin¬ 
cidence  shows  that  dissociation  of  TMS  proceeds  through 
many  different  channels.  Specific  ion  pair  yield  is  shown 
to  increase  drastically  at  the  resonance  threshold  (Fig. 1 ) 
This  is  perfectly  consistent  with  Auger  processes  since 
this  leads  primarily  to  doubly  charged  molecular  ions.  It 
also  explains  the  "excess"  of  CH^  and  Si  (CH^)^  ions  above 
threshold  (Fig.l). 
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Fig.l  :  Excitation  spectra  of  ion  fragments  and  selected 
ion  pairs  in  the  Si2p  threshold  region. 
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In  the  photoionization  of  molecules,  the  residual 
ion  can  be  left  in  simple  ionized  state,  associated  with 
one  hole  configuration  or  in  an  excited  ionized  state. 

In  a  classical  photoelectron  spectrum  (PES)  they  corres¬ 
pond  respectively  to  the  so  called  "main  bands"  or  "sa¬ 
tellite  bands".  Since  the  main  line  is  well  described  in 
the  model  of  "independant  particle"  the  satellite  lines 
requires  to  considerate  configuration  interaction  (Cl) 

(1)  in  initial  and/or  final  state. 

In  previous  COj  P.E.S.  (2)  such  satellites  have  been 
evidenced  but  their  attribution  to  a  given  symmetry  was 
only  based  on  calculated  positions  and  relative  inten¬ 
sities. 

We  present  here  angle  resolved  high  resolution  photo¬ 
electron  studies  of  10  satellites  in  CO2,  in  the  30-55  eV 
photon  energy  range.  The  evolution  of  the  asymmetry  para¬ 
meter  6  and  the  partial  cross  section  a,  as  a  function  of 
photon  energy  is  used  for  identifying  symmetry  of  pre¬ 
viously  observed  bands  and  of  lines  reported  for  the 
first  time  . 

Synchrotron  radiation  emitted  by  the  ACO  storage  ring 
crosses  it  a  right  angle  an  effusive  jet  of  CO^.  The 
ejected  photoelectrons  are  detected  by  a  127°  electros¬ 
tatic  analyzer.  From  the  intensity  ratio  measured  at  two 
different  angles  in  a  plane  perpendicular  to  the  light 
direction,  we  extract  8  (3). 

In  figure  I,  we  present  two  typical  P.E.S.  :  the  lower 
one,  measured  at  the  magic  angle  and  corrected  for  the 
transmission  function  of  the  analyzer  which  gives  directly 
relative  o  and  the  upper  one  taken  at  0  -  0°  which  inclu¬ 
des  angular  effects. 

According  to  C.I.  theories  (2)  two  different  set  of 
satellites  can  be  distinguished  ;  those  associated  with 
outer  valence  orbitals  (mostly  2IIu)  are  predicted  to  fail 
in  the  lowest  part  of  the  spectrum  and  those  resulting 
from  a  mixing  with  ionization  of  inner  valence  orbitals, 
appear  above  30  eV.  On  figure  2,  the  values 
for  satellites  jM  I  to  H  10  in  the  30-55  eV  photon  ener¬ 
gy  range  evidenced  two  groups  of  curves  :  l  to  H  5 

have  positive  8  values  while  H  6  to  ++  10  have  essential¬ 
ly  negative  or  zero  values.  We  have  also  represented  on 
this  figure,  theoretical  curves  for  three  main  lines 
(,V  and  4<V  (4)*  W*  con9lder  ^  I,  2,  3,  and  5  to 
have  Hu  symmetry  because  the  8  kinetic  energy  dependence 
is  almost  identical  to  the  A2!!^  one.  On  the  other  hand, 
at  1253  eV  photon  energy  (5),  the  overall  branching  ratio 
relative  to  the  total  ionization  associated  with  the  li¬ 
nes  iM  6  to  10  is  much  higher  compared  to  ^  t  to  5  as 


would  be  E  symmetry  lines  as  compared  to  II  ones.  Therefore, 

we  support  the  theories  predicting  this  region  to  be  domi- 

mated  by  2o  and  3o  bands. 

7  u  g 

Moreover  the  same  argument,  applied  to  as  opposed 

to  a  orbitals  of  C0?,  leads  to  the  assignment  of  2o  for 
g  z  u 

lines  ity  6,  7  and  8  and  of  3o^  for  lines  M  9  and  10.  New 
C.I.  calculations  including  "three  holes,  one  particle" 
configuration  are  actually  in  progress,  and  will  be  pre¬ 
sented  at  the  conference. 
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Fig.l  :  Typical  PES  taken  at  6  *  0  and  9  mag  and  45  eV  pho¬ 
ton  energy.  Jhe  19.4  eV  line  corresponds  to  the  C 
state  of  C02  •  The  X,  A  and  B  state  lines  are  not  re¬ 
presented. 


Fig. 2  :  Photon  energy  dependence  of  8  for  10  satellite 
lines. 
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A  new  photoion  spectroscopy  has  been  proposed  to 
understand  the  dynamics  of  dissociative  photoionization 
processes.  ’  The  method  depends  on  analyzing  the 
photoion  branching  ratios  measured  by  mass  spectrometry 
as  a  function  of  photon  energy.  The  photoion  branching 
ratio  BR(A+)  is  an  integrated  probability  of  producing 
the  particular  type  of  ion  A*  from  the  electronic 
states  concerned  with  the  molecular  ion  AB*  and,  in 
some  cases,  with  AB2*  at  higher  energies.  As  can  be 
expected  from  an  analogy  of  integral  photoelectron 
spectra,  a  differentiation  of  photoion  branching  ratio 
BR(A+)  with  respect  to  the  energy  provides  a  spectrum 
for  A+,  which  clearly  indicates  the  dissociation  chan¬ 
nels  of  AB+  or  AB2*  into  A*. 

The  present  work  reports  our  analysis  on  HF  and 
HCt,  of  which  photoion  branching  ratios  have  been 
reported  by  Brion  et  al.3'4  using  the  electron  impact 
experiment  (e,  e+ion).  The  photoion  spectra  obtained 
for  HF  and  HCt  are  shown  in  the  accompanying  figures, 
in  which  the  data  points  (•)  represent  ASRj/aE,  while 
the  solid  curves  are  their  fittings  by  the  third  order 
B-spline  function.  Many  peaks  can  be  seen  in  the  dif¬ 
ferential  spectra  and  are  correlated  to  the  known  elec¬ 
tronic  states  of  the  singly  and  doubly  ionized  HF  and 
HCt.  Those  electronic  states  include  the  multi -electron 
transitions  which  become  dominant  as  a  result  of  the 
strong  electron  correlation  and  the  excited  states  of 
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Fig.  1.  The  differential  spectrum  of  the  branching 
ratios  BR(F*)  from  HF.  The  vertical  dashed  line  indi¬ 
cates  the  first  dissociation  limit  for  H  ♦  F*.  Double 
ionization  states  (DIS)  are  from  Ref.  5. 


the  doubly  ionized  ions  observed  in  the  Auger  spectra5 
as  well  as  the  outer  valence  orbitals.6  Other  possible 
origins  for  these  peaks,  in  general,  are  1)  predissocia¬ 
tion  of  shape  resonance  states  with  o  symmetry,  2)  auto¬ 
ionization  of  highly  excited  neutral  states  (Rydberg 
states),  and  3)  ionization  to  very  steep  portions  of 
repulsive  potential  curves  which  would  give  undetectable 
structure  in  photoelectron  spectra  because  of  its  very 
flat  and  broad  nature. 

The  photoion  spectroscopy  mentioned  above  has  a 
distinct  advantage  over  photoelectron  spectroscopy  in 
determining  which  electronic  state  predissociates  into 
what  ionic  fragments.  Further,  it  provides  the  sensi¬ 
tive  method  to  study  predissociation  of  highly  excited 
states  of  molecular  ions. 
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Fig.  2.  The  differential  spectrum  of  the  branching 
ratios  BRfCl*)  from  HCt.  The  vertical  dashed  line  indi¬ 
cates  the  first  dissociation  limit  for  H  +  Cl*.  The 
theoretical  calculations  for  the  multi -electron  transi¬ 
tions  are  also  shown  (Ref.  7). 
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Dissociative  photoionization  processes  have  been 
studied  for  CO  in  a  wide  energy  region  by  mass  spectro¬ 
metry.1,2  The  ions  observed  in  the  literature  are  CO*, 
0*,  C*.  C2*,  and  CO2*.  The  branching  ratios  (production 
rates)  for  these  ions  plotted  on  a  photon  energy  scale 
may,  in  general,  be  analogous  to  an  integral  photo¬ 
electron  spectrum.  If  the  branching  ratios  are  differ¬ 
entiated  with  respect  to  the  photon  energy,  one  can 
expect  to  obtain  peaks  corresponding  to  dissociation 
channels  of  singly  and  doubly  ionized  CO.  In  this  re¬ 
spect,  the  method  provides  a  new  photoion  spectrosco¬ 
py.3'4  Obviously,  it  is  possible  to  know  these  channels 
for  each  singly  or  doubly  charged  ion  produced,  while 
photoelectron  spectroscopy  does  not  involve  this  kind  of 
information. 

The  differential  spectra  obtained  for  C*,  0*,  and 
C2*  are  shown  in  Figs.  1-3.  The  mechanism  producing 
these  ions  at  the  observed  peaks  in  the  spectra  is  dis¬ 
cussed  by  comparing  the  spectra  with  the  reported  energy 
states  of  CO*  and  CO2*  such  as  the  multi -electron  bands 
(C2z*,  02n  F,G2z*,  and  2r*(3o)_1)  and  the  double  ioni¬ 
zation  states  observed  in  the  Auger  spectra.6  It  be¬ 
comes  evident  that  these  states  play  a  significant  role 
in  producing  the  observed  ions.  In  order  to  infer  the 
energy  states  of  the  dissociation  products  the  thermo¬ 
chemical  thresholds  for  the  dissociative  single  and 
double  ionization  are  also  shown  in  the  figures. 
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Fig.  1.  The  differential  spectrum  of  the  branching 
ratios  BR ( C* )  (solid  curve).  The  vertical  dashed  line 
indicates  the  first  dissociation  limit  for  C*  +  0. 

Mul ti -electron-bands  are  from  Ref.  5.  Double  ioniza¬ 
tion  states  ( 0 I S , W )  including  the  shake-up  states 
(indicated  with  •)  are  from  Ref.  6.  the  results 
derived  from  Ref.  2. 
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Fig.  2.  The  differential  spectrum  of  the  branching 
ratios  BRIO*).  The  vertical  dashed  line  indicates  the 
first  dissociation  limit  for  0*  +  C. 


Fig.  3.  The  differential  spectrum  of  the  branching 
ratios  BR(C**).  The  vertical  dashed  line  indicates  the 
first  dissociation  limit  for  C**  ♦  0.  The  curve  oscil¬ 
lates  below  100  eV  because  of  the  low  counting  statis¬ 
tics  for  differentiation  and  may  be  flat  as  shown  with 
the  horizontal  dashed  line.  The  thermochemical  thresh¬ 
olds  for  the  dissociative  double  ionization  C**  +  0  and 
the  series  limits  of  the  Rydberg  states  (shown  below 
the  curve)  started  from  the  dissociative  double  ioniza¬ 
tion  are  also  indicated. 
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Dipole  (e,2e)  and  dipole  (c+ion)  spectroscopies1”3 
are  used  to  measure  the  absolute  dipole  oscillator 
strengths  (cross-sections)  for  the  photoabsorption  and 
partial  photoionization  (electronic  states)  as  well  as 
the  molecular  and  dissociative  photoionization  of  H2S  and 
HI.  These  studies  are  part  of  a  continuing  programme  of 
systematic  measurements  of  absolute  oscillator  strengths 
for  photoionization  processes  in  total  and  partial 
channels.  The  fast  electron  (3  or  8  keV)  impact  spectra 
are  converted  to  absolute  dipole  oscillator  strengths  via 
the  Bethe-Born  transformation  and  TRK  sum  rule 
normalization 1- ^ #  Some  typical  results1*  are  shown  for 
H2S  in  the  accompanying  figures.  The  results  of  the  two 
experiments  may  be  combined  to  provide  quantitative 
assessments  of  the  dipole  breakdown  pattern  of  these 
molecules.  The  H2S  partial  oscillator  strengths  are 
compared  with  the  calculations  recently  reported  by 
Langhoff  et  al5. 


- l - 1 - .VMtfitu _ 

20.0  30.0  40.0 

ENERGY  (ev) 


lO.O  2(5.0  300  400 


20.0  30 .0  400 

i  i  + 


20.0  30.0  40.0 

ENERGY  (ev) 


Figure  2  Oscillator  Strengths  for  Molecular  and 
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Figure  1  Photoabsorption  of  H2S 


•0.0  20  0  30  0  40  0  60  0 

- . 

’  i  4a  i 


•0  0  20  0  30  0  40  0  60  0  °  » o"*"  200  30  0  40  0  60  0 

ENEPGf  («V)  E*E»Gv  («V) 

Figure  3  Electronic  State  Os-tllator  Strengths 
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EXPERIMENTAL  PHOTOIOKTZATION  CROSS  SECTIONS  AND  ANGULAR  DISTRIBUTIONS 
FOR  THE  MOLECULAR  ORBITALS  OF  HjO  IN  THE  30-130  eV  PHOTON  ENERGY  RANGE 
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The  study  of  photoionization  in  molecules  using 
variable-energy  radiation  is  of  interest  not  only  be¬ 
cause  the  dynamical  aspects  of  molecular  photoionization 
can  be  characterized  in  great  detail,  but  also  because 
the  make-up  of  each  molecular  orbital  (i.e.  the  extent 
of  s  and  p  character,  for  example)  can  be  correlated 
with  the  variation  of  the  MO's  partial  photoelectric 
cross  section  with  photon  energy.  Similarly,  the 
angular  distribution  parameter  3  is  also  characteristic 
of  the  ionized  orbital. ^ 

The  application  of  these  ideas  has  already  yielded 

some  useful  information  in  connection  with  the  assign- 

2 

ment  of  bands  in  ultraviolet  photoelectron  spectra. 

In  developing  this  approach  further  it  Is  important 
to  determine  8’s  and  o’s  for  small  molecules  of  well 
known  orbital  compositions  since  they  ate  amenable  to 
highly  sophisticated  calculations.  This  was  the  main 
motivation  behind  the  present  study  of  H^O.  It  is  for 
example  of  interest  to  compare  the  variation  of  o's  and 
B’s  for  these  molecules  with  that  of  the  isoelectronic 
atom  neon,  which  has  been  studied  extensively  with 
synchrotron  radiation.  Furthermore,  the  accurately- 
determined  photoionization  quantities  (in  the  30-130  eV 
photon  energy  range)  should  serve  as  crucial  test  cases 
for  theory. 

Light  from  the  storage  ring  BESSY,  monochromat ized 
by  a  torroidal  grating  monochromator  was  used.  A 
sample  spectrum  typical  of  spectra  obtained  with  low 
energy  photons  is  shown  In  Figure  1. 
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Fig.  1.  The  photoelectron  spectrum  of  water  with 
30.3  eV  photons  at  the  quasimagic  angle. 


It  was  possible  to  clearly  resolve  vibrational  bands, 
especially  those  of  the  first  (1  b^)  MO.  At  higher 
energies  (up  to  -130  eV) ,  while  the  resolution  was 
lower  it  was  still  possible  to  obtain  an  improvement 
over  the  spectrum  reported  a  decade  ago  by  Banna  and 

3 

Shirley,  due  to  the  absence  of  x-ray  satellites 
associated  with  the  YMC  line  in  the  latter  spectrum. 
Asymmetry  parameters  and  photoionization  cross  sections 
have  been  obtained  for  all  four  molecular  orbitals. 

Thus  our  work  is  in  part  an  extension  of  the  work  of 
Truesdale  et  al.^  Comparison  is  made  with  theory  and 
with  corresponding  quantities  for  the  other  first-row 
hydrides . 
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R-MATRIX  METHOD  FOR  MOLECULAR  PHOTOIONISATION 
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The  multi-centre  R-matrix  method  using  numerically 
defined  continuum  orbitals  which  we  have  used  success-' 
fully  for  both  elastic  scattering  and  electronic  exci¬ 
tation  for  low-energy  electron  impact  on  diatomic  tar¬ 
gets1'2  has  been  extended  to  describe  photoionisation 
processes.  As  a  first  application  of  these  methods  we 
present  results  for  the  cross  sections  and  asymmetry 
parameters  of  the  photo ion is at ion  of  H2*  We  describe 
the  e"“  +  H2+  system  using  a  two- state  model3'4. 

An  important  advantage  of  our  R-matrix  method  is 
that  the  bound  state  wavefunction  is  calculated  as  a 
scattering  problem  with  all  channels  closed.  Exactly 
the  same  basis  set  is  used  for  bound  and  scattering 
wavefunctions  and  the  calculations  may  be  matched  in 
accuracy.  We  obtain  a  ground  state  energy  for  H2  at 
its  equilibrium  separation  of  -1.1696  E^  correspond¬ 
ing  to  about  90%  of  the  correlation  energy. 

The  most  significant  feature  of  the  results  we 
obtain  is  the  appearance  of  resonances  in  the  asymmetry 
parameter  for  photon  energies  around  27  eV.  Examples 
of  the  results  for  the  asymmetry  parameter  which  we 
obtain  at  two  internuclear  separations  are  illustrated 
in  figure  1.  The  structure,  which  we  believe  should  be 
observable  experimentally  in  vibrations lly  resolved 
spectra,  is  associated  with  the  infinite  series  of 
Feshbach  resonan  converging  towards  the  excited 
2E*U  electronic  state. 

We  have  computed  vibrationally  resolved  observ¬ 
ables  using  the  adiabatic  nuclei  approximation  and 
compare  our  results  with  other  authors  and  experiment. 
In  order  to  further  study  the  autoionlslng  region, 
where  the  adiabatic  nuclei  approximation  is  clearly 
invalid,  given  the  narrow  width  of  the  Feshbach  reson¬ 
ances,  we  have  extended  the  approach  of  Schneider  et 
al5  to  describe  the  coupling  to  the  nuclear  motion  and 
dissociative  processes.  Calculations  using  these 
extensions  to  the  theory  axe  now  underway  and  those 
results  sva liable  at  the  time  of  the  Conference  will  be 
presented  as  wLll  results  for  other  systems  such  as  CO 
and  o2  now  undtr  investigation. 


Fig. 1 :  Asymmetry  parameter  0  as  a  function  of  photon 
energy  for  two  typical  H2  geometries. 
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GENERALIZED  MULTICHANNEL  QUANTUM  DEFECT  TREATMENT  OF  2II-2n 
RYDBERG-VALENCE  STATE  INTERACTIONS  IN  NO. 

M.  RAOULT 
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Batinient  213  -  Universite  de  Paris-Sud,  9)405  ORSAY  CEDEX  France. 


M2 


The  absorption  spectrum  of  nitric  oxide  furnishes 
the  classic  example  of  Rydberg-valence  state  interactions 
in  a  diatomic  molecule.  These  interactions  appear  as 

strong  vibronic  perturbations  in  the  spectrum.  Miescher 
l  2  3 

and  coworkers  *  ’  have  described  many  of  these  pertur¬ 
bations  and  analyzed  them  in  great  detail.  Based  on  the¬ 
se  high-resolution  spectroscopic  studies  Gallusser  and 

4 

Dressier  have  recently  performed  vibronic  perturbation 
calculations  which  have  yielded  a  quantitative  represen¬ 
tation  of  the  experimental  vibronic  level  positions,  ro¬ 
tational  structure  and  band  intensities,  in  terms  of 
"deper turbed"  potential  energy  curves,  dipole  transition 
moments  and  Rydberg-valence  state  interaction  energies. 

The  present  work  is  an  attempt  to  interpret  the  Ryd¬ 
berg-valence  state  interactions  from  a  different  point 
of  view,  namely  that  of  scattering  theory.  This  point  of 
view  has  already  been  used  by  Giusti-Suzor  and  Jungen  ^ 

in  a  recent  theoretical  study  of  the  competition  between 

2 

preionization  and  predissociation  in  the  IT  Rydberg  sta¬ 
tes  of  NO  above  the  ionization  threshold.  Their  work  was 
however  limited  to  the  continuum,  i.e.  to  the  region 
above  the  dissociation  limit  of  the  valence  states.  In 
the  present  work  the  treatment  is  extended  into  the  dis- 
cret  region,  using  the  recent  generalization  of  quantum 
defect  theory  due  to  Greene,  Rau  and  Fano  In  addition 
the  reactance  matrix  is  now  computed  using  Lippman-Sch- 
winger  equation  to  second  order.  This  extension  allows 
the  study  of  all  spectral  ranges  with  a  single  unified 
treatment . 

All  of  the  parameters  which  are  required  to  calculate 

the  reactance  matrix  are  determined  by  a  least  squares 

12  3  7  8  2 

fitting  procedure  from  the  observed  ’  ’  ’  ’  ^\/2  wi~ 

bronic  levels.  The  term  values  of  all  observed  j /2  RP<*_ 

berg  and  B  and  L  valence  vibronic  levels  lying  between 
45500  cm  1  up  to  the  dissociation  limit  71658  cm  1  are 
thus  reproduced  with  a  mean  deviation  of  5  cm  1 .  Without 
any  further  adjustment  of  the  reactance  matrix  the  spec¬ 
tral  range  above  the  dissociation  limit  and  below  or 
above  the  first  ionization  threshold  has  been  studied. 

In  this  range  the  Rydberg  levels  are  subject  to  predis¬ 
sociation  or  predissociation  as  well  as  preionization. 
Correspondingly  the  spectral  lines  in  the  photoabsorp¬ 
tion  or  photoionization  spectra  are  broadened.  Table  I 
lists  the  observed  and  calculated  (ref.  5  and  present 
work)  widths  of  some  Rydberg  levels.  The  present  results 
are  in  better  agreement  with  the  recent  multiphoton 


9 

ionization  measurements  of  Anezaki  et  al  and  the  third 
harmonic  generation  measurements  of  Chupka  et  al  than 
the  previous  calculations  The  Spn,  v-4  level  is  an 
exception  :  the  width  calculated  here  is  one  order  of 
magnitude  larger  than  either  that  observed  or  that  cal¬ 
culated  in  Ref.  5.  This  discrepancy  is  not  yet  unders¬ 
tood. 


TABLE  I 

Energy  (cm~ 

') 

Width  r  lcm~' 

) 

Level 

0b». 

Calc. 

Obs. 

Calc. 

■ 

> 

£ 

a. 

sO 

73096.0  (c) 

73100.5 

~6  <c) 

5.5 

(15) 

9p7T,  V-0 

73108.0 

73H3.0 

very  diffuse 

6.9 

(5.5) 

5p7T,  v-2 

73313.0  (c) 

73320.5 

8  (c) 

2.0 

(12) 

7pft,  v-l 

74268.0  (c) 

74270.5 

~2  (c) 

9.0 

02) 

8pTt,  V-) 

74987.9  <a) 

74987.5 

3.9  <a) 

5.2 

(7) 

6ptr,  v-2 

75400.0  <C) 

75406.6 

very  diffuse^ 

5.2 

(2.9) 

9p1T,  v-l 

75463.9  (a) 

75460.2 

3.0  (a) 

2.1 

(5.4) 

5ptt,  v-3 

75620.0  <C) 

75610.0 

io.o<r<30.o  <c) 

25.0 

(27) 

1 0pTT ,  V-l 

75790.7  (a> 

75786.5 

2.7  (a) 

2.4 

(l.l) 

7pn,  v-2 

76600.0  (c> 

76593.5 

- 

0.2 

(2.1) 

8 pit,  v-2 

77290.0  (c> 

77295-0 

4.0  <r<8.0  <b) 

3.4 

(1.7) 

O' 

T7 

* 

< 

1 

ro 

77690.0  (c) 

77692.5 

4.0  (b) 

9.1 

(12.7) 

9pTT,  v-2 

77752.0  <C) 

77769.4 

3.0  cr<6.0  lb) 

5.0 

(1.7) 

SpTT,  V-4 

77850.0  lc) 

77846.5 

3.0  (b) 

42.0 

(1.5) 

10pn,  v-2 

78090.0  (c) 

78096.6 

- 

2.4 

(0.9) 

7pTT,  V-3 

78850.0  (c) 

78859.0 

very  diffuse^ 

4.0 

(7) 

(a)  From  Ref.  9.  (b )  from  Ref.  (10),  (c)  from  Ref.  It.  In  parenthesis 
the  theoretical  values  of  Ref.  5. 
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SPIN-ORBIT  AUTOIONIZATION  AND  COOPER  MINIMUM  IN  THE  HYDROGEN  HALIDES 


H.  Lefebvre-Brion,  A.  Giusti-Suzor  and  G.  Raseev 


Laboratoire  de  Photophysique  Moleculaire, 

Bat.  213,  Universite  de  Paris-Sud,  91405  Orsay  France 


A  theoretical  study  of  the  spin-orbit  autoionization 


in  molecules  with  2fl-state  ion  cores  has  been  made 


recently  ,  using  the  multichannel  quantum  defect  theory 
with  ab-initio  molecular  quantities.  Application  to  the 
study  of  the  HI  photoionization  spectrum  has  stressed 
the  importance  of  the  fc-mixing,  especially  for  the 
it3o  channels.  A  similar  study  is  presented  for  the  case 
of  the  HBr  molecule.  The  vibrational  interval  being 
here  nearly  equal  to  the  spin-orbit  splitting,  some 


autoionized  peaks  with  v  =  I  can  be  identified  in  the 


experimental  spectrum  .  Their  appearance  is  explained 
by  a  vibrational  type  autoionization  due  to  the  varia¬ 
tion  of  the  spin-orbit  coupling  constant  with  the 
internuclear  distance. 


The  region  of  the  Cooper  minimum  is  studied  for 
the  case  of  HI.  The  photoionization  cross-section  and 
the  asymmetry  parameter  3  are  calculated  between  the 
first  ionization  threshold  and  80  eV.  An  overall  agree- 

3 

ment  is  obtained  with  the  corresponding  measurements  , 
but  no  Cooper  minimum  is  found  in  the  total  cross-section 
while  3  presents  a  minimum  around  55  eV.  Both  experi¬ 
mental  quantities  go  through  a  minimum  near  45  eV.  Work 
is  in  progress  to  include  the  electronic  coupling  with 
the  continuum  of  the  states  corresponding  to  the  4d 
hole,  probably  responsible  for  the  present  disagreement 
with  the  experimental  results.  Theoretical  predictions 
will  be  made  in  this  energy  region  for  the  spin  polari¬ 
zation  parameters  of  the  photoelectron. 
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THEORETICAL  VIBRATIONAL  RESOLVED  PARTIAL  PHOTOIONIZATION  CROSS  SECTIONS  OF  CO. 
THE  AUTO IONIZATION  REGION  BETWEEN  16.9  AND  19.0  eV. 

B.  Leyh^a,C^  and  G.  Raseev^3*^ 

aInstitut  de  Chimie,  Universite  de  Liege,  Bat.  6,  Sart-Tilman, 
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We  present  a  full  ab-initio  calculations  of  partial 
photoionization  cross  sections  of  CO  including  the 
electronic  autoionization.  We  have  focused  ourselves 
on  the  region  of  the  Rydberg  states  converging  to  C0+ 

B  l  state  and  perturbed  by  the  high  Rydberg  conver¬ 
ging  to  the  A2FI  state. 

These  calculations  have  been  performed  in  the 
framework  of  the  Two-Step  Multichannel  Quantum  Defect 
Theory  (MQDT)  of  Giusti-Suzor  and  Lefebvre-Brion* .  In 
this  theory  we  use  the  concept  of  channel  defined  by 
a  selection  of  quantum  numbers  and  covering  a  broad 
energy  range  (negative  or  positive)  instead  of  states 
which  in  the  discrete  region  are  associated  with  a 
fixed  energy.  The  first  step  consists  in  solving  the 
Schtod  i  nge r f s  equation  for  the  electronic  motion  in 
the  frozen  ionic  core  static  exchange  approximation 

2 

using  the  method  of  Raseev  et  al.  .  In  the  second  step, 
the  interchannel  interactions  (involving  the  main 
channels  corresponding  to  the  X,  A  and  B  ionic  states) 
are  calculated.  The  nuclear  motion  is  taken  into  account 
within  the  Franck -Condon  approximation.  The  resulting 
ab-initio  quantities  are  introduced  in  a  MQDT  calcu¬ 
lation.  The  resonance  structure  appears  as  a  conse¬ 
quence  of  different  asymptotic  conditions  enforced  for 
open  and  closed  channels.  This  treatment  leads  to 
vibrational ly  resolved  partial  and  differential  cross 
sections . 

The  main  results  can  be  summarized  as  follows  : 

(i)  the  comparison  of  experimental  and  theoretical 
quantum  defects,  intensities  and  widths  leads  to  new 
assignments  of  the  Rydberg  series  associated  with  the 
CO*  B?Z*  state  :  sharp  (MpHir)f  diffuse  CV'o)*  III 

("s-d”  /"dMir)  and  IV  ("■♦d,,o).  These  assignments  were, 

3 

in  fact,  a  point  of  controversy  in  the  literature  . 

(ii)  the  region  between  17.0  and  17.4  eV  has  been 

analyzed  in  greater  detail.  The  B2£*  (3pr)  and 

.  +  1+ 

B  E  ( 3p<7 )  structures  appear  as  complex  resonance  owing 

to  the  presence  of  high  n  Rydberg  states  converging  to 

CO*  A?H  v-4 


(iii)  the  vibrational ly  resolved  partial  photoionization 
cross  sections  of  X‘ I  v=0-3  are  compared  with  the 
experimental  results  of  Leyl  et  al.^.  The  vibrational 
selectivity  is  analysed  and  helps  clarifying  the  diffe¬ 
rent  assignments.- 
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PHOTOIONIZATION  OF  C2 

N.  T.  Padlal ,*  B.  I.  Schneider, +  and  U  A.  ColI1ns+ 

•University  of  New  Mexico,  Albuquerque,  New  Mexico  87131  USA 
+Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  18754  USA 

The  carbon  molecule  C2  Is  found  In  a  variety  of 
astrophyslcal  environments  Including  comets  and  clrcum- 
stellar  clouds.  Photoionization  of  C2  Is  an  Important 
mechanism  In  determining  the  physical  properties  of 
these  objects.  He  report  photolonlzatlon  cross  sections 
C2  out  of  the  X'Tg  ground  state  from  the  2 a^,  2og, 
and  lrt^  orbitals.  The  calculations  were  performed  at 
the  frozen-core  Hartree-Fock  level  using  standard  molecu¬ 
lar  structure  programs  to  generate  the  bound  state  func¬ 
tions  and  our  linear  algebraic  code1  to  construct  the 
continuun  orbitals.  He  shall  also  discuss  photolonlza¬ 
tlon  of  the  low-lying  triplet  state  as  well  as  other 
molecules  of  astrophyslcal  Interest. 
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MOLECULAR  PHOTOIONIZATION  CROSS  SECTIONS  BY  THE  COMPLEX  BASIS  FUNCTION  METHOD 
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The  photoionizat ion  cross  section  can  be  expressed 
as  a  particular  matrix  element  of  the  resolvent  of  the 
molecular  electronic  Hamiltonian. 

0  («•)  ■  -  ~  lim  Imcr  |w(En  +  co  -  H  +  ic)"1  u  |Tn> 

C  e+0  00  0 

Where  Tp  is  the  ground  state  electronic  wave  function, 
m  is  the  dipole  operator,  <u  is  the  frequency,  c  is  the 
speed  of  light,  and  atomic  units  are  employed.  We  have 
shown  recently  that  by  using  a  mixture  of  real  and 
complex  Gaussian  basis  functions  to  form  a  matrix 
representation  of  the  Hamiltonian  it  is  possible  to  use 
this  expression  to  compute  molecular  photoionization 
cross  sections  from  the  results  of  a  matrix  diagonal- 
ization.1  The  working  expression  of  this  approach  has 
the  form 


lim  (f ,(E  -  H  +  ie)'1  f) 


N  (f ,*i )(*i  ,f) 

A  'T-Ei' 


where  f  =  uTq,  and  the  functions,  ,  and  associated 

eigenvalues,  Ef,  are  from  a  finite  basis  diagonaliza- 
tion  of  the  Hamiltonian.  This  procedure  is  based  on  a 
variational  principle  for  the  matrix  element  from  which 
the  photoionization  cross  section  is  calculated,  and 
can  be  applied  in  the  presence  of  coupling  between 
ionization  channels.  The  Interference  between 
resonance  features  and  the  electron-ion  scattering 
background  is  naturally  incorporated  by  this  method, 
and  it  is  easily  implemented  for  polyatomic  systems. 
Results  are  reported  for  K-shell  and  valence  shell 
ionization  of  N2  at  the  static-exchange  level. 
Excellent  agreement  with  most  other  calculations  is 
obtained,  especially  those  which  explicitly  compute  the 
photoionization  cross  section  from  the  electron-ion 
scattering  wavefunction.  The  complex  basis  function 
technique  is  particularly  successful  in  reproducing 
resonance  features  in  these  cross  sections,  as  shown 
below. 


K-shell 


Figure  1.  Total  cross  section  for  K-shell 
photoionization  of  N?.  Solid  lines  are  results  of 
present  calculations  in  several  basis  sets.  *  is 
Schwinger  variational  result  andois  from  moment  theory, 
both  quoted  from  reference  2 

A  discussion  of  the  variational  behavior  of  the 
amplitude  Is  given,  and  it  is  shown  that  the 
variational  nature  of  these  calculations  provides  a 
useful  computational  diagnostic. 

Reference 

1.  T.  N.  Rescigno  and  C.  W.  McCurdy,  Phys.  Rev.  A  31, 
624  (1985). 

2.  D.  L.  Lynch  and  V.  McKoy,  Phys.  Rev.  A  30,  1561 
(1984). 


N 7 


45 


THEORETICAL  STUDY  OF  ANGULAR  DISTRIBUTION  OF  PHOTOELECTRONS  IN  Hj  MOLECULE 
G.  Ra^eev  and  M.  Raoul  t^ 

^Laboratoire  de  Photophysique  Moiyculaire,  University  Paris-Sud 
91405  Orsay,  France 

^Dgpartement  de  Chimie,  University  de  LiSge,  B-4000  Sart-Tilman 
Lilge  1,  Belgique. 


The  photoionization  of  ^  has  been  extensively  stu¬ 
died  experimentally  and  theoretically.  One  of  the  inte¬ 
resting  regions  is  near  27  eV  where  an  electronic  auto¬ 
ionization  is  expected.  Traces  of  this  resonance  have 

1  2 

been  seen  only  by  Marr  et  al.  and  Southworth  et  al. 
where  vibrationally  unresolved  angular  distribution  of 

electrons  have  been  measured.  Recent  theoretical  calcu- 

3  4 

lations  by  one  of  us  Raseev  *  yielded  the  quantum 
defects,  photoionization  cross  section  and  angular  dis¬ 
tribution  of  electrons  of  this  region.  However  for  the 
e  +  H2*  collision  the  variation  of  the  quantum  defect 
in  the  autoionization  region  has  been  also  obtained  by 
Takagi  and  Nakamura"*,  Collins  and  Schneider^  and 
Tennyson  and  Noble2. 

Three  resonances  are  calculated  near  27  eV  corres¬ 
ponding,  respectively,  to  quasi-bound  states  of 
2pou2so^,  2pou3so^  and  2pou3dir^  main  configuration. 

The  first  two  are  preionized  by  the  lsa^epa^  continuum 
whereas  the  last  one  autoionize  in  the  Isa  ep7Tu  conti¬ 
nuum.  Therefore  enhancements  have  to  be  seen  in  the 
angular  distribution  of  electrons  or  in  the  photoioni¬ 
zation  cross  section. 


The  theoretical  minimum  is  less  pronounced  than  the 
experimental  one. 
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Here  we  present  the  vibrationally  resolved  angular 

distribution  of  electrons  in  the  spectral  range  of 

autoionizing  resonances  using  an  ab-initio  method  where 

the  correlation  between  the  motion  of  electrons  is 

4 

introduced  in  the  initial  and  final  states .  For  the 
fixed  R  centroid  internuclear  distance  R*  1.7  a.u.  the 
2pou2so  resonance  appears  around  26  eV  giving  rise  to 
a  sharp  energy  variation  of  the  angular  distribution. 

This  is  in  disagreement  with  experimental  vibrationally 
1  2 

unresolved  measurements  9  which  present  a  different 
behaviour.  As  in  the  case  of  shape  resonance,  the 
vibrational  motion  of  the  nuclei  averages  the  resonant 


electronic  effects  which  in  the  case  of  H^  depend 


strongly  on  the  internuclear  distance.  When  accounting 
for  the  nuclear  motion,  we  obtain  the  angular  distri¬ 


bution  for  each  vibrational  state  of  the  ion.  There  are 


no  experimental  results  to  compare  with  these  theoreti¬ 
cal  results.  The  vibrationally  unresolved  result, 


obtained  by  simple  sommation  over  the  vibrational  levels. 


presents  as  experiment  a  minimum  around  27  eV. 
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THE  ROTATIONALLY  AND  VIBRATIONALLY  RESOLVED 


PHOTOIONIZATION  OF  H2  BY  736A  LINE 


S.  Hara 


Institute  of  Physics,  University  of  Tsukuba,  Ibaraki  305,  Japan. 


Intensity  distribution  of  the  photoelectron  for 
the  rotationally  and  vibrational ly  resolved  molecular 
photoionization  process  is  given  by 


-  aj..j./4lT  U  +  Sjmj.  P2(cos0)] 


where  Oj„j,  and  8j„j,  are  the  cross  section  and  the 
asymmetry  parameter  for  the  transition  from  the 
(v"  =  0,J")  state  to  the  (v',J')  state. 


The  vibrationally  resolved  cross  section  o  ,  and 
the  asymmetry  parameter  6V,  are  reduced  to1 


a  ,  =  l  a.. 

v’  .  Oj 


Sv.  =  [2-0  *  z  eoj  ^-i  /  [1.0  ♦  E  ^i]. 

j^O  J  00  jjfo  00 


The  measurement  of  the  ratio 


Rj(0)  -  V0)  /  loo^  *  Co0j/o00)  x 

[1  *  60j  P2(cos6)]/[l  *  2.0  P2(cos0)] 


at  0  =  54.7°  determines  °Qj/°Qo-  Therefore,  an  inde¬ 


pendent  measurement  of  Rj (0)  at  another  angle  gives 


8nj  and  thus  Bul.  The  ratios  0qj /°qq  are  obtained  for 


N2  for  j  =  2  and  4  by  the  deconvolution  technique  . 
When  the  cross  sections  for  AJ  =  J'  -  J"  >  4  are 


negligible,  °g2/0oo  and  0O2  are  the  two  essential  param¬ 


eters  for  8  ,.  It  was  shown  that  for  the  photoioniza- 

v  3 

tion  of  H2,  the  cross  sections  for  AJ  >  4  are  small  , 


and  that  the  measurements  of  the  intensity  ratio  of  the 


S  and  Q  rotational  branches  at  two  angles  ’  determine 


these  two  parameters  and  8V,  . 


We  have  calculated  the  cross  sections  Cqq,  Oq2  and 


Bq2  for  v'  from  0  to  5  for  the  photoionization  of  H2  by 
584A°  line1.  Calculation  for  the  final  H*  ♦  e  state  is 
carried  out,  in  the  two  centre  spheroidal  coordinates, 
in  the  static  exchange  approximation  with  the  adiabatic 
polarization  potential  added.  Agreement  between  the 
calculated  results  with  the  values  ceduced  from  the 


3  4 

experimental  data  ’  is  very  satisfactory. 


Here  we  present  the  results  for  the  photoionization 
of  H2  by  736A°  line0.  Table  1  gives  the  present  calcu¬ 


lation  with  the  p  wave  and  with  the  p  and  f  waves  of 
the  ejected  photoelectron.  The  results  derived  from 


experimental  data0’^,  other  theoretical0’^  and  experi¬ 


mental  ’  results  are  also  tabulated. 


The  present  results  and  those  of  Raoult  et  al 


3  4 

agree  with  the  experiments  ’  in  °Q2/aoo'  I"*16  Present 


results  with  the  p  and  f  waves  give  large  values  of 
BQ2  because  of  the  interference  of  the  p  and  f  waves, 
and  are  in  good  agreement  with  the  experimental  results 


of  Ruf  et  al  .  The  vibrationally  resolved  asymmetry 
parameters  Bv,  do  not  depend  very  much  on  Bq2  since 


the  ratios  aQ2/,°oo  are  T31*161,  smaH  in  the  present 


process. 


Table  1.  Cross  sections  and  asymmetry  parameters. 


V’  0O2/ODO 

B02 

ev 

0  (a)  0.0856 

0.2 

1.858 

(b)  0.0850 

0.2 

1.859 

(c)  0.0372 

0.643 

1.L91 

(d)  0.093(2) 

0.62(11) 

1 .882 (  9) 

(e)  0.091(3) 

0.09(13) 

1.841(12) 

(f) 

1.67  (  6) 

(g)  0.2118 

0.348 

1.711 

1  (a)  0.0705 

0.2 

1.881 

(b)  0.0673 

0.2 

1.887 

(c)  0.0688 

0.598 

1.910 

(d)  0.076(1) 

0. 52 (  9) 

1.896(  3) 

(g)  0.1669 

0.330 

1.761 

(h) 

0.83(48) 

1.93  (  3) 

(a);  ref  (7),  p  wave. 

(b);  present,  p  i 

(c);  present,  p  and  f  waves. 

(d);  ref  (3). 

(e);  ref  (4). 

(f);  ref  (9). 

(g) ;  ref  (6),  p  and  f  waves. 

(h);  ref  (3)  and 
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PHOTOIONIZATION  OF  A  FIRST  PRINCIPLE  STUDY 
N  Chandra* 

Department  of  Physics,  Punjabi  University,  Patiala  147002,  India 


Photoionization  of  Hj  has  been  studied  in  detail. 
Angular  distribution  of  photoelectrons  for  rotationally 
resolved  states  of  has  been  calculated  from  ab-initio 
methods.  The  present  calculation  takes  properly  into 
account  the  important  Coulomb  phase  factors  which  are 

contained1  in  the  expression  for  molecular  photoelectrons 

2 

but  had  been  neglected  in  an  earlier  report  .  These  new 
results1  which  will  be  presented  at  the  Conference, 
clearly  establish  the  importance  of  including  partial 
waves  higher  than  J.  *  t  in  the  continuum  orbital  of  even 

low-energy  photoelectrons  and  thus  a  long  standing 

3  4  1 

controversy  has  been  resolved  *  .  It  has  also  been  found 

4 

that  the  neglect  of  exchange  and  polarization  in  the 
final  state  wave  function  gives  rise  to  unphysical 
behaviour  of  photoionization  observables.  Further,  the 
results  obtained  in  dipole-length  length  approximation  are 
consistently  better  than  those  of  velocity  approximation. 
Also,  the  simple  wave  function  of  Huzinaga^  for  the  ground1 

£  *  electronic  state  of  H?  gives  more  satisfactory  results 

8  Z  5 

than  the  other  two  more  sophisticated  wave  functions  , 

while  the  final  state  wave  function,  obtained  from 

polarized  orbical  method  ,  is  kept  the  same.  A  sample  of 

our  new  results1  for  0^,  and  the  intensity  ratio 

I  /I  %  at  90°  for  1.10  ev  photoelectrons  corresponding  to 

Ne(Ar  736A)  photons,  convoluted,  using  the  method  of 

3  3 

Chang  f  over  the  experimental  set  up  of  Niehaus  and  Ruf  , 

is  given  in  the  Table  1. 


Initial 

Length/ 

F  inal 

State 

velocity 

State 

wf 

wf 

Huzinaga^ 

length 

p  wave 

velocity 

p-f 

coupled 

p  wave 

Joy  and 
Parr 

length 

p-f 

coupled 

p  wave 

velocity 

p-f 

coupled 

p  wave 

Hagstrom 

length 

p-t 

coupled 

p  wave 

and 

Shull5 

p-f 

velocity 

coupled 

p  wave 

Dill\  p  wave 

p-f 

coupled 

Chang  ,  p 

wave 

4 

Itikawa  , 

p  wave 

Itikawa  ,  p-f  coupled  1.9045  0.3297  8.7026 

3 

Raoul t  <^t  a_l  ,  p  wave  1.954  0.  2000  3.5 

Niehaus  and  Ruf3  1.95(01)  0.83(48)*  4.0(3)* 

Ruf  et  al3  1.922*  0.47(14)  3.89(8) 

3 

t  Reanalysed  by  Ruf  e_t  al_  .  ^ 

t  Theoretical  value  used  by  Ruf  et_  al_  in  their  calculation 


SQ 

SS 

w 

0  =  90° 

1 .9678 

0.2000 

2.6023 

1 . 9680 

0.4954 

3.2991 

1.9712 

0.2000 

2.3278 

1.9686 

0.3470 

2.8551 

1 .9729 

0.2000 

2.1824 

1.9716 

0.4075 

2.7143 

1.9726 

0.2000 

2.2065 

1 .9690 

0.2746 

2.6604 

1.9728 

0.2000 

2. 1885 

1.9636 

-0.0338 

2.4552 

1.9729 

0. 2000 

2.1848 

1  .96  58 

0.0712 

2.5016 

1 .89(05) 

0.2000 

10.0 

1.95(01) 

0.45(87) 

4.1(6) 

1.8990 

0.204  7 

8.2729 

1.9045 

0.3297 

8.7026 

1.954 

0.2000 

3.5 

1.95(01) 

0.83(48)* 

4.0(3)* 

1.922* 

0.47(14) 

3.89(8) 
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MODIFIED  PHOTODETACHMENT  THRESHED  BEHAVIOR  NEAR  RESONANCES 
Y.  K.  Bae  and  J.  R.  Peterson 

Molecular  Physics  Department,  SRI  International,  Menlo  Park,  CA  94025  USA 


Rapid  deviations  from  the  Wigner  threshold  law 

1  2 

have  been  observed  when  resonant  states  are  near.  * 
Stimulated  by  our  observation  of  these  effects  in  He” 
and  Li”  photodetachment^  ***  we  have  now  derived  modified 
threshold  laws  that  account  for  single  resonances  of 
all  three  types:  Fteshbach,  shape,  and  virtual  state. 

The  effects  of  shape  and  Feshbach  resonances  were 
analyzed  for  9ingle  opening  channels.  If  long-range 
interactions  in  the  product  complex  are  negligible,  the 
cross  section  of  an  opening  channel  near  its  threshold 
may  be  written  as 


k2*+1/|f*(k)| 


where  k,  and  f^(k)  are  the  linear  and  angular  momen¬ 
tum,  and  the  Jost  function  for  the  outgoing  electron, 
respectively.  If  no  resonance  is  near,  f^(k)  is  nearly 
constant  and  Eq.  (1)  assumes  the  Wigner  form  of  the 
numerator.  However,  if  a  resonance  is  near,  f^(k) 
depends  strongly  on  k.  Using  a  Taylor  expansion  of 
fj^(k)  near  k  -  0  we  transform  Eq.  (1)  into 

k2M 

~  U2-  k2)2  ♦  y  k4*V2  <2> 
for  Jt  «  0  and  1  cases,  where  kj  and  y  are  related  to 
the  position  and  width  of  the  resonance. 


below  threshold ,  and 

o  ~  o0[l  -  Bk/(k2  +  p2)]  (3b) 

2 

above  threshold.  A  and  B  and  are  constants,  0/2 
locates  the  energy  of  the  virtual  state,  and  k  *  ik. 
The  fit  of  Eqs.  (3)  to  our  LI  data  Is  shown  In  Fig  3. 


This  work  was  supported  by  AFOSR  Contract 
F49620-82-K-0030  and  NSF  Grants  PHY81-1I912  and 
84-10980. 
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Shape  resonance. 

Our  He 

data  near  the  He  2^P 

b  3 

threshold-*  deviated 

from 

the 

kJ  Wigner  law  within 

2 

O 

4  meV.  However,  Eq. 

(2) 

fits 

not  only  the  threshold 

FIGURE  1 

£ 

w  2 

region  near  the  presence 

of  the  P  shape  resonance 

g 

(Fig.  1),  but  It  fits 

the 

entire 

lesonance  as  well. 

CC 

o 

Feshbach  resonance .  Partial  cross  sections  for 
2  - 

the  opening  np  P  +  es  channel  in  Rb  photodetachment 

i  _  2 

by  Ftey  et  al.,  and  in  Cs  by  Mead  et  al.,  deviated 
from  the  Wigner  law  within  the  experimental  resolution 
~  30  peV  due  to  Feshbach  resonances  below  the  thres¬ 
holds.  Fig.  2  shows  that  their  data  can  be  fit  accu¬ 
rately  by  Eq.  (2)  with  i  -  0. 

Virtual  state.  Li”  does  not  have  a  Feshbach 

2 

resonance  below  the  2p  P  +  cs  threshold,  but  Moores 
and  Norcross^  found  that  their  j>b  lnltlo  calculations 
of  LI  photodetachnent  cross  sections  deviated  from  the 
Wigner  "cusp"  behavior  within  30  peV.  We  found  slnllar 
behavior  In  our  neasurements Using  the  oultlchannel 
scattering  theory  of  by  Nesbet,^  we  have  derived  the 
oodifled  cusp  foraulae  for  total  photodetachnent  cross 
section,  to  Include  virtual  state  effects: 

o  ~  cull  -  A k/(k  +  3)]  (3a) 


1.720  1.222  1.224  1.226  1  228  1.230 
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FIGURES:  Dashed  lines:  Wigner  threshold  law. 

Solid  lines:  Modified  threshold  form. 
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DETAILS  OF  THE  He-  *Pe  SHAPE  RESONANCE  AND  THE  He  2JS  ELECTRON  AFFINITY 

J.  R.  Peterson,  Y.  K.  Bae,  M.  J.  Coggiola,  and  D.  L.  Hues t is 
Molecular  Physics  Department,  SRI  International,  Menlo  Park,  CA  USA 


New  measurements  of  the  (ls2p  2p2  ^Pe)  He”  photo¬ 
detachment  shape  resonance,  with  a  coaxial  laser-ions 
beam  arrangement  and  improved  dye  laser  operation,  have 
greatly  reduced  the  uncertainties  in  the  earlier  data1 
and  have  reached  the  difficult  long  wavelengths  near 
1020  nm,  below  the  He(2^P)  +  e(ep)  channel  threshold. 
They  provide  unusual  detail  regarding  the  form  of  an 
electronic  shape  resonance. 

An  analysis  of  the  threshold  region  has  led  to  a  new 
parametric  formulation  of  threshold  behavior  for  opening 
channels  that  bear  p-wave  shape  resonances.  Two  approx¬ 
imate  threshold  forms  were  actually  derived  and  we  found 
that  they  both  can  be  used  quite  successfully  to  fit  not 
only  the  threshold  region  but  the  resonance  as  well, 
yielding  resonance  parameters.  One  version,  derived  from 
resonance  scattering  theory  is 

-3 

a  ~  ■ 


,.2  ,  2,2  7  .6 
(k  -  kj  )  +  yk 


(1) 


where  k  and  2  are  Che  linear  and  angular  momenta  of  Che 
outgoing  electron,  and  kj,  and  y  are  constant..  For 
small  k,  Eq.  1  can  be  transformed  Into 


2  2  2  2 
(k  -  kj  )  +  (r r 


(2) 


where,  kg  / ^  and  r/2  are  give  the  real  and  Imaginary 
parts  of  the  resonance  (S-matrix  pole)  in  the  complex 
energy  plane.  Eq.  (2)  is  a  product  of  the  Wlgner  thres¬ 
hold  law  and  the  Brelt  -  Wlgner  resonance  formula. 

Connerade3  has  obtained  successful  fits  to  1*3 
photoionization  shape  resonances  from  the  scattering 
phase  shifts  of  a  square-well  potential. 

Experimentally,  He'  Ions  were  formed  from  a  2-keV 
He’*'  beam  by  two-step  electron  capture  In  Cs  vapor.  The 
+,  0,  and  -  charge  components  were  separated  by  an  elec¬ 
trostatic  quadrupole  deflector  Ql.  The  He~  Ions  were 
then  merged  with  the  laser  beam  over  a  10  cm  field-free 
Interaction  region  before  the  He~  beam  was  deflected  Into 
a  collector  by  a  second  quadrupole  Q2.  The  neutrals 
formed  along  the  Interaction  region  from  either  auto  -  or 
photo-detachment  passed  Q2  undeflected  and  were 
counted.  The  laser  optics  and  the  dye  ( IR  140)  was  the 
saaw  as  before,  ^  but  the  dye  performance  was  Improved  by 
doubling  the  concentration  of  dlmethylsulfoxlde 
solvent . 

The  fitted  curves  from  Eqs.  (1)  and  (2)  were  vis¬ 
ually  the  same  over  the  threshold  region  and  central 


peak.  The  fit  from  Eq.  I  is  shown  In  Figure  1.  The 
resonance  parameters  in  both  equations  were  first 
established  by  fitting  all  data  within  170  meV  of  thres¬ 
hold  EQ.  Eq.  (1)  gave  EQ  +  kj2/2  -  1234.3  meV,  and 
Eq.  (2)  gave  EQ  +  kR2/2  *  1232.9  meV  and  r  *  7.4  meV, 
where  EQ  is  the  threshold  energy.  These  values  of 
E0  +  kj2/2  and  EQ  +  kR2/2  are  close  to,  but  lie  on  either 
side  of  the  apparent  peak  value  1233.6  meV.  Next,  these 
parameters  were  held  fixed,  to  find  EQ  using  only  data 
within  10  meV  of  EQ.  These  threshold  fits  gave: 

E0  *  1222.0  ±  0.8  and  1222.1  ±  1.0  meV,  yielding 
EA(He23S)  77.5  ±  0.8  meV  from  Eq.  (1),  and  77.6  ±  1.0  meV 
from  Eq.  (2).  These  results  are  In  excellent  agreement 
with  the  theoretical  result  of  77.51  ±  0.04  meV  by  Bunge 
and  Bunge . 2 


This  work  was  supported  by  AF0SR  Contract  F149620-82-K-0030 
and  NSF  Grants  PHY81-11912  and  84-i0980. 
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FIGURE  1:  He  phot ode tachaeot  cross  sections  near  the 
He"  *Pe  shape  resonance.  Solid  line  Is  s 
least-squares  fit  to  Eq.  1. 
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The  resonances  in  the  one-electron  continuum  of  H~ 
are  built  on  the  excited  states  of  11°.  The  1P°  contin¬ 
uum  of  H  has  been  studied  extensively  with  good  reso¬ 
lution  using  the  method  of  photodetachment  from  a  rela¬ 
tivistic  beam1,  taking  advantage  of  the  very  large 
Doppler  shifts  available  when  the  velocity  of  the  ions 
approaches  c.  The  Feshbach  and  shape  resonances  lying 
near  n=2  have  been  studied  thoroughly,  not  only  in  the 
field-free  case  but  also  in  motional  electric  fields2 
as  large  as  1.3  MV/cm.  Recently  results  on  the  effects 
on  these  resonances  of  fields  up  to  3  MV/cm  have  been 
acquired3.  In  this  paper  we  present  some  preliminary 
results  on  a  study  of  the  behavior  of  the  resonant 
structure  near  n=3  in  large  motional  electric  fields. 

Since  resonant  amplitudes  are  coherent  with  the 
amplitude  of  the  continuum  in  which  they  are  embedded, 
the  photodetachment  cross  section  in  the  vicinity  of  a 
resonance  can  exhibit  complicated  structure  due  to 
cross  terms.  When  the  continuum  amplitude  is  constant 
in  the  neighborhood  of  a  Breit-Wigner  resonance  the 
cross  section  can  be  well -described  by  the  Fano*  line 
shape,  and  even  when  these  conditions  may  not  exactly 
apply,  the  Fano  form  is  still  quite  useful  in  parame¬ 
terizing  the  data  in  a  limited  range.  In  particular, 
in  an  earlier  survey  of  the  structure  near  n=3,  Fano 
forms  were  fit  quite  successfully  to  the  large  dip  in 
the  cross  section,  enabling  the  extraction  of  location 
and  width  of  the  dip  and  that  of  a  smaller  and 
marginal ly-observable  recursion. 

The  results  reported  herein  were  taken  with  a  set¬ 
up  similar  to  that  previously  described5.  The  inter¬ 
action  region,  of  the  pulsed  4th  harmonic  YAG  beam  with 
an  800  MeV  H~  beam,  was  situated  between  two  pulsed 
Helmholtz  coils6.  The  repetition  rate  of  the  laser 
was  10  Hz  whereas  that  of  the  pulsed  magnet  was  5  Hz 
so  that  on  alternate  laser  flashes  the  interaction  was 
field-free.  The  angle  between  the  two  beams  could  be 
varied  in  steps  as  small  as  31  microradians.  The 
products  of  the  laser-ll”  interaction,  in  particular 
the  11°,  were  separated  from  the  primary  beam  by  a  down¬ 
stream  magnet  and  directed  into  a  scintillator. 


1 igures  I  and  2  show 
some  of  our  preliminary 
results.  Fig.  1  shows 
the  n=3  dip  for  the 
laser  firings  in  which 
there  was  no  applied 
field  and  Fig.  2  shows 
the  alternate  firings 
when  a  motional  field 
of  0.78  MV/cm  was  pre¬ 
sent.  At  fields  of  2.3 
MV/cm  the  structure 
appears  to  be  essen¬ 
tially  absent.  These 
data  are  currently 
under  analysis  and  we 
hope  to  describe  some 
results  of  fits  at  the  time  this  paper  is  presented. 

This  work  was  done  under  the  auspices  of  the 
U.S.D.O.E.,  in  part  under  contract  DE- AS0477ER03998 . 
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PHOTODETACHMENT  SPECTROSCOPY  OF  FeO' 
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Recent  photodetachment  spectroscopy  studies  of 
molecular  anions  as  Cj  ,  NH  ,  and  CHj-CHO  have 
shown  that  the  rotation  to  electronic  energy  coupling 
plays  an  important  role  in  the  detachment  mechanism  for 
excited  states  in  these  systems.  The  autodetachment 
rate  versus  rotational  energy  dependence  seems,  how¬ 
ever,  to  be  markedly  different  for  negative  ion  valence 

12  3 

states  *  and  dipole-bound  states.  The  autodetachment 

rate  increases  linearly  In  proportion  to  rotational 
energy  for  valence  states,  but  much  faster  for  dipole- 
bound  states.  Dipole-bound  states  originate  from  the 
interaction  between  the  dipole  moment  of  the  neutral 
molecule  and  the  electron  and  their  properties  are  ex¬ 
pected  to  be  much  like  ordinary  Rydberg  states. 

In  order  to  gain  more  insight  to  the  properties 
of  dipole-bound  states,  diatomic  systems  should  be 
studied.  The  system  selected  should  have  a  dipole 
moment  larger  than  2  D  in  order  to  be  able  to  support 

4 

a  dipole-bound  state  and  a  known  electron  affinity 
within  the  limits  accessible  for  tunable  lasers.  The 
combination  of  these  demands  only  leaves  us  with  one 
system,  the  FeO-  molecule. 

By  means  of  the  coaxial  beam  technique  the  excited 

states  of  FeO-  in  the  region  11,500-12,900  cm-1  above 

a 

the  bj/2  8round  state  have  been  studied.  This  energy 
5 

region  covers  the  five  A^  spin-orbit  states  of  the  FeO 
ground  state.  Both  valence  and  dipole-bound  states  are 
observed  in  this  energy  region. 

Figure  1  Illustrates  the  autodetachment  rates  ver¬ 
sus  energy  for  two  band  systems  identified  as  a 
valence  state  (V)  and  a  dipole-bound  state  (DP),  re¬ 
spectively.  The  observed  variations  in  the  detachment 
rates  are  due  to  rotational  autodetachment.  The  dras¬ 
tic  increase  in  the  detachment  rate  near  the  FeO 
threshold  Indicates  that  this  band  system  may  be  con¬ 
sidered  as  a  molecular  complex  consisting  of  a  FeO(^A^) 
core  and  a  loosely  bound  electron.  Spectroscopy  of 
this  band  system  indicates  that  the  outer  electron  is 
an  s  electron  with  a  binding  energy  of  nearly  200  cm-*. 


Since  rotationally  resolved  lifetime  data  have  been 
difficult  to  obtain  for  autoionization  these  data  may 
also  allow  a  better  understanding  of  autoionization 
processes. 


Research  supported  by  National  Science  Foundation 
Grants  CHE83-16682  and  PHY82— 00R05  through  the  Univer¬ 
sity  of  Colorado. 
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Fig.  1.  Rotational  dependence  of  the  FeO~  autodetach¬ 
ment  rates  for  a  UA  valence  state  (V)  and  a 
dipole-bound  state  (OP).  The  FeO  (SAU  and 
sAj)  thresholds  are  indicated. 
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THE  PHOTOELECTRON  SPECTRUM  OF  NaBr 

Thomas  M.  Miller,  Kermit  K.  Murray,  and  W.  Carl  Lineberger 
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Tht-rt*  has  long  been  interest  In  the  interaction  of 
an  electron  with  a  highly  polar  molecule.  Calculations 
have  shown  that  an  electron  can  be  bound  in  the  field  of 
a  static  dipole  if  the  dipole  moment  is  greater  than  the 
"critical”  value  of  1.623  D;  a  rotating  dipole  is  less 
effective  at  binding  an  electron.*  True  dipole-bound 

states  in  negative  ions  have  been  observed  recently  in 
2  -  - 

this  laboratory  for  FeO  and  l^C-CHO  •  The  effect  of 
large  dipole  moments  on  electron  scattering  has  been  in¬ 
vestigated  in  a  number  of  ways."*  Narrow  resonances  have 

4 

been  observed  in  photodetachment  experiments  with  the 
alkali-halide  negative  ions,  including  the  NaBr  ion  we 
are  dealing  with  here. 

Among  the  alkali-halides,  only  for  LiCl  has  the 
electron  affinity  been  measured  prior  to  this  report,  in 

an  experiment  utilizing  an  earlier  incarnation  of  our 

5  6 

apparatus.  Calculations  for  NaCl,  LiCl,  and  LiF  show 
that  the  extra  electron  is  placed  mostly  on  the  positive 
(alkali)  side  of  the  X*E+  neutral  molecule  in  a  space 
essentially  unoccupied  bv  other  electrons.  The  ground 
state  of  the  ion  is  X^E  .  The  non-bonding  nature  of  the 
orbital  leads  to  a  negative  ion  in  which  the  nuclei  are 
more  weakly  bound  than  in  the  neutral  molecule. 

In  this  experiment  a  2  x  10  ^  A  beam  of  NaBr  was 
extracted  from  a  flowing-afterglow  ion  source,  mass 
analyzed,  and  crossed  by  the  intracavity  beam  of  an 
argon- ion  laser  operated  at  488  nm  (2.340  eV).  An  alu¬ 
mina  crucible  containing  NaBr  was  heated  in  the  flowing 
afterglow  and  electron  attachment  provided  a  small  flow 
of  NaBr  while  other  processes  produced  copious  amounts 
of  Br  .  Photoelectrons  were  energy  analyzed  in  a  hemi¬ 
spherical  device  with  a  resolution  of  10  raeV.  The 
energy  scale  was  calibrated  by  photodetaching  0  . 

The  photoolectron  spectrum  for  NaBr  is  shown  in 
Fig.  1.  The  transition  from  v"=0  in  the  negative  Ion  to 
v'=0  in  the  neutral  occurs  at  an  electron  kinetic  energy 
of  1.748  e V ,  which  gives  an  electron  affinity  of  0.790  * 
0.013  oV  for  NaBr.  One  may  compare  this  result  to  the 
measured  *  F.A0.1C1)  =  0.61  ±  0.02  eV,  and  the  calculated^ 
EA<M<’I>  -  0.34  eV,  EA(LiF)  =  0.33  eV,  and  EA(NaCl)  = 
0.65  eV,  for  other  alkali-halide  molecules. 

Transitions  to  v**l,2  are  at  1.711  and  1.674  eV, 

respectively,  which  gives  w*  =»  300  cm  *  for  NaBr,  in 
e  7 

agreement  with  infrared  data.  Transitions  from  v  =1,2 
are  at  1.776  and  1.799  eV,  respectively,  which  gives 
<*/'  =  230  *  30  cm  *  and  w^x”  of  approximately  10  cm  *  for 
NaBr  .  These  transitions  indicate  a  vibrational  temper¬ 


ature  of  370  K.  A  Franck-Condon  analysis  of  the  transi¬ 
tion  strengths  yields  the  NaBr”  equilibrium  bond  dis¬ 
tance  r"  =  2.61  ±  0.04  X,  an  increase  of  0.11  X  from 
e  7 

NaBr.  Using  the  bond  strength  DQ(Na-Br)  *  3.74  eV,  and 
our  measured  electron  affinity  for  NaBr  and  the  electron 
affinity  of  Br,  we  calculate  a  bond  energy  in  the  nega¬ 
tive  ion  of  DQ(Na-Br  )  «  1.17  eV.  This  value  is  far 
less  than  in  the  neutral  molecule,  consistent  with  the 
non-bonding  character  of  the  orbital  of  the  attached 
electron. 

We  gratefully  acknowledge  support  from  the  National 
Science  Foundation  under  grant  numbers  CHE83-16628  and 
PHY82-00805. 
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FIGURE  1.  Photoelectron  Spectrum  for  NaBr 
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Negatively  charged  water  clusters  have  been  pro¬ 
duced  by  injecting  low  energy  electrons  into  a  rare  gas 
seeded  supersonic  water  expansion.  All  (I^O)”  clusters, 
with  the  exception  of  n=4  could  be  produced.  With  heavy 

seeding  intense  beams  of  clusters  of  the  type  (H-0)”Rq  , 

'  2  n  tit 

Rg  =  Rare  gas,  could  be  obtained. 

In  a  first  attempt  to  measure  the  electron  affi¬ 
nity  of  the  clusters  a  field  detachment  experiment  has 
been  performed.  The  cluster  ion  beam  traverses  a  high 
in-line  electric  field,  before  entering  a  quadrupole 
mass  spectrometer.  No  detactvnent  could  be  observed  for 
field  strenqths  below  55  kV/cm  for  n>Z,  although  the 
intensity  of  the  ns3,*>,8,  arid  9  clusters  can  be  orders 
of  magnitude  lower  than  that  for  n=2.  It  follows,  that 
the  often  made  correlation  -  higher  intensity  implies 
larqpr  binding  energy  -  cannot  be  made,  at  least  not 
in  this  case. 

Tig.  1  shows  the  measured  detachment  fields  as  a 
function  oT  the  number  of  added  rare  gas  atoms.  Tor 
( H^O) 2^rm»  m=0, 1 ,  and  2  a  detachment  threshold  of 
(51+1)  kV/cm  is  obtained.  Adding  more  argon  atoms 
this  value  increases  and  seems  to  saturate.  Adding 
Kr  or  Xe  atoms,  the  necessary  field  strengths  in¬ 
crease  so  rapidly,  that  Tor  large  m  values  no  field 
detactiment  could  be  observed. 

Adding  more  and  more  rare  gas  atoms  one  obtains  a 
negatively  charged  dimer  in  a  rare  gas  matrix.  In  a 
polorisable  medium  with  refractive  index  n  the  electric 


2 

field  is  reduced  to  f /n  .  On  the  right  of 
fig.  1  the  value  of  the  electric  field  strength 


f fGORf  1  field  detachment  thresholds  for  Ar,  Kr,  and 
Xe  as  a  function  of  number  of  rare  gas  atoms 
per  cluster. 


in  vacuum  is  sketched,  which  is  neccessary  to 
give  an  electric  field  of  31  kV/cm  in  t  tie  rare 
gas  solid.  It  is  quite  surprising  that  tins 
value  for  argon  is  sn  close  In  the  experimental 
data  for  n  r  4. 

It  is  difficult  to  extract  an  accurate  binding 
energy  from  t  tie  detachment  field.  To  circumvent  this 
problem  the  phot  octet  achment  apparatus  shown  in  fig.  2 
was  constructed,  first  results  have  been  obtained  and 
wiP  *>e  presented  at  the  conference. 


FIGURE  2  Cluster-Pboto-Detnchment-Apparatus.  (1)  Pulsed  Cluster-Inn  Source,  (2)  Inn  Optics  with  pulse  compressor, 
(3)  reflex  time  of  flight  spectrometer,  (A)  time  focusing  reflector,  (*>)  pass  nf  slow  inns,  (6)  pass  of 
fast  ions,  (7)  detector.  The  photons  from  a  pulsed  dye  laser  can  interact  no  either  of  the  two  legs  with 
the  cluster  ion  beam. 
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ONE  AND  TWO-PHOTON  DISSOCIATION  OF  Na2  INVESTIGATED  BY 
DOPPLER  SPECTROSCOPY  OF  PHOTOFRAGMENTS 
G. Gerber,  R.Moller 

Fakultat  fur  Physik,  Universitat  Freiburg,  F.R.G, 
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N« 2  molecules  in  a  molecular  heam  are  nhotodiaso- 
ciated  bv  various  Ar+  laser  lines.  The  state  of 
the  neutral  fragments  an*!  the  corresponding  energy 
and  angular  <1  i s t ribution  ia  determined  by  means  of 
Dopnler  spectroscopy.  Three  different  photodisso- 
ciatlon  processes  are  observed  and  identified: 
Direct  photodissociation  by  excitation  to  the 
dissociation  continuum  of  the  B^fTy  state,  disso¬ 
ciation  of  quasi-bound  levels  of  the  B  state  and 
tw^-photon  induced  dissociation  of  Ha  2  leading  to 
Na  (nl)  fragments. 

A  molecular  beam  of  Ha  2  is  crossed  by  two  laser 
beams,  all  three  bein*  mutually  nernend icula r  to 
each  other.  The  first  laser  pho tod issoc ia tea 
while  the  second  laser  analyr.es  the  fragmentation. 
With  several  Ar*  laser  lines,  multi-mode  and 
si  nql e- mode  ,  Ns  2  oho  tod  issocia  ten  into  Ha  3n(«J*1/?) 
and  Na*3p( J -3/?  ) .  By  tunine  a  sinele  frequency 
RhfiG  dve  laser  over  the  3r>(J*3/2) — »  4d(  J  *5/2 , 3/2  ) 
transition  at  56R.02nm  the  velocity  component  of 
the  atomic  fragments  relative  to  the  analvzin* 
laser  is  determined  hy  the  Doppler- shi  ft 

av  =  v-v2/c . 

The  excitation  of  the  fragment  is  monitored  bv 

the  emission  of  the  4p(  J  *1  /2 , 3/2  )  - ►  3s(J*1/2) 

lines  at  330  nm  from  the  cascade  4d-4p-3s.  The 
polarization  of  the  dissociating  laser  can  he 
chosen  arbitrarily  to  the  direction  z  of  the 
detection,  e .* .  parallel  or  perpendicular. 

Trace  A  in  Fie.1  shows  the  unahifted  excitation 
spectrum  of  the  3n(  J  *3/2  )-*dd(  J  *5/?  ,  3/2  )  transitions. 
Since  the  two  fine  structure  components  are  only 
1.02  GHz  apart,  two  overlapping  Doppler  spectra 
are  found.  Trace  B  and  C  are  Doppler  spectra 
obtained  for  parallel  and  perpendicular  polariza¬ 
tions.  Thene  spectra  represent  a  fragmentation  of 
a  quasi-bound  level  by  tunneling  through  the 
potential  barrier.  The  quantum  numbers  of  this 
quasi-bound  state,  excited  by  a  ainqle-mode  laser 
at  457.0  nm ,  are  determined  bv  double  —  resonance 
spectroscopy  and  the  width  of  the  state  is  measured 
to  AV  «w  100  MHz.  In  this  case  we  find  only  one 
value  for  the  kinetic  ®ner*y  of  the  fragments, 
eiven  by  the  enerev  V  of  the  quasi-bound  level 
referred  to  the  dissociation  limit.  It  can  be 
shown  (1)  that  the  anaular  distribution  can  always 
be  represented  by  f(  •&)''■'  1  cos •&)  .where  •()  is  t.he 

an*le  between  the  laser  polarization  and  the  fragment 
direction.  The  apectra  represent  the  distribution 
of  the  z-connonent  of  t.he  fragment  velocity,  which 
Is  eiven  bv 


g(v2 )  =  1  ■  1/2  0  4  3/2  0  (v2/vr  for  EL  II  z 
g(v  )  =  1  4  1  /h  G  -  3/4  G(v  /v)^  for  E.  X  z 


v  is  the  velocity  of  the  fragment.  Th®  spectra  in 
Fle.1  are  in  eood  agreement  with  thee®  distributions 
for  the  following  naram®ters:  v»475  m/a®c  •=*  W*430 
cm"  and  p»-0.32.  The  obtained  valu®  WM30  cm"1  Is 
close  to  F>39*  cm"  ,  t.he  ener#v  of  the  quasi-hound 
level  v  *31.J#*42  above  the  B-state  dissociation 
limit. 

For  most  Ar*  laser  lines  continuous  ene rcy 
distributions  are  found  due  to  direct  dissociation 
bv  excitaion  to  the  continuum  of  the  B-atat®. 


Another  lnt®r®st.in®  result  of  our  molecular  beam 
exr®rim®nts  is  that  w®  do  not  observe  a  Population 
of  th®  Na*(3p)  J=1/2  fine  structure  level  neither 

bv  dir®ct  dissociation  via  the  B ^TTy  continuum  nor 
bv  tunneline  through  th®  B-stat.e  potential  barrier 
when  osine  th®  Ar*  laser  lines  4^0.0  nm  and  476.5 
nm ,  for  instanc®. 

These  ®xn®rimental  r®sults  do  not  support  the 
findings  of  Rothe  et  al.  (?)  and  Jenson  ®t  al  .  (3) 
who  reported  Na  ?  nhotodissociation  via  the  B  — 
stat®  l®adinq  to  Na  Dp  (3p  J“3/2  — •  3s  J-1 /2  )  and 

Di  (3p  J*l/2  — *  3s  J-1 /?  )  line  emission.  However, 

in  an  additional  experiment  (with  4HB.0  nm  and 
476.5  ryn)  we  are  able  to  observe  a  population  of 
the  Na  (3p  J*1 /?  )  level,  but  connected  with  a 

much  larger  nho  to  f  ra  em  en  t  enerev.  as  a  result  of  a 
tvo-et®p  excitation  of  a  hieh  ^vinr  Na2  state 
dissociating  into  Na  (3p)  and  Na  (3p)  atoms  and 
populating  th®  Na  ( 3  p )  J®3/2,J*1/2  ^levels  .  Fip  .2 

shows  a  Donnler  spectrum  of  the  Na  (3p.J*f/2) 
fragments  obtained  for  perpendicular  polarization 
with  a  kinetic  ener/tv  of  W  at  2000  ci"'  . 
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LYMAN -a  EXCITATION  SPECTRA  IN  THE  PHOTODISSOCIATION  OF  Hj 

S.Arai,  Y.Yoshimi,  H. Koizumi?  K.Hironakj,  K.Shinsaka,  M.Morita,  T.Yoshida, 

A.Yagishita,  K.Ito  and  Y.Hatano 

Department  of  Chemistry,  Tokyo  Institute  of  Technology,  Meguro-ku,  Tokyo  152,  Japan 
^Faculty  of  Engineering,  Hokkaido  University,  Kita-ku,  Sapporo  060,  Japan 

♦Photon  Factory,  National  Laboratory  of  High  Energy  Physics,  Oho-machi,  Tsukuba-gun,  Ibaraki  305,  Japan 


Dissociative  and  autoionizing  states  of  molecular 
hydrogen  have  been  extensively  studied  both  theoretically 
and  experimentary.  In  the  case  of  dissociative  excitation 
to  these  states,  the  observation  of  fluorescence  from 
excited  fragments  is  very  informative  to  investigate 
these  states  and  their  dissociation  processes,1  and  it 

has  been  known  from  the  electron  impact  studies  that  the 

* 

slow  and  fast  H  atoms  are  produced  through  the  corre- 

i  * 

sponding  two  processes.  The  slow  H  atoms  are  produced  by 
the  predissociation  of  vibrationally  excited  molecular 

states  which  belong  to  the  Rydberg  series  converging  to 

♦  a 

the  ground  state  of  and  the  fast  H  atoms  are  produced 
by  the  direct  dissociation  (or  partially  involving  pre¬ 
dissociation)  of  the  doubly  excited  molecular  states 
which  belong  to  the  Rydberg  series  converging  to  the 
excited  state  of  H? .  In  the  photon  impact  studies,  dis- 
sociative  excitation  of  which  produces  the  slow  H 
has  been  already  investigated  by  observation  of  atomic 

o  2 

fluorescence  in  the  excitation  wavelength  of  700-850A. 

In  the  shorter  wavelength  region  where  the  fast  H*  are 
produced,  however,  only  a  preliminary  result,  the  upper 

limit  of  the  cross  section  for  photodissociation  of  H,, 

3  ^ 

has  been  reported,  and  there  haa  been  no  obvious  obser¬ 
vation  of  fluorescence  from  the  fast  H  .  This  paper  pre- 
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sents  the  first  observation  of  Lyman-a  radiation  from  the 
fast  H*(2p)  produced  by  the  photodissociation  of 

Synchrotron  radiation  of  Photon  Factory  was  dis¬ 
persed  with  a  !m  Seya-Namioka  monochromator.  The  mono¬ 
chromatic  light  passed  through  a  differentially  pumped 

gas  cell  (Fig.l),  where  H,  pressure  was  maintained  to 
-2  1 

2x10  torr,  and  detected  with  a  combination  of  sodium- 
salycilate  and  a  photomultiplier.  Lyman-a  fluorescence 
was  detected  with  a  continuous  dynord  electron  multiplier 
(Ceratron)  through  a  MgF^  window. 

Fig. 2  shows  a  Lyman-a  excitation  spectrum  in  the 
range  of  350-550X.  In  this  wavelength  region,  the  frag¬ 
ments  are  the  fast  H  (2)  from  the  doubly  excited  molecu¬ 
lar  states.  Two  thresholds  are  clearly  found  in  this 
spectrum.  The  first  one  is  at  470A(26.4eV)  and  the  second 
is  at  408A(30.4eV) ;  the  respective  thresholds  are  indi¬ 
cated  by  arrows  in  Fig. 2.  The  cross  section  for  producing 
the  fast  H*(2)  has  been  estimated  to  be  about  2  order  of 
magnitude  smaller  than  that  of  the  slow  H*(2). 
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Fig. 2  Lyman-a  excitation  spectrum  of  H- 
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HIGH-RESOLUTION  PHOTOD ISSOCIATION  SPECTROSCOPY  IN  P^T  NEUTRAL  H2  BEiW 


N.  Bjerre  and  H.  Helm 

Molecular  Physics  Department,  SRI  International,  Menlo  Park,  CA  94025 


We  have  recorded  high-resolution  photodissociation 
spectra  using  a  fast  H2  beam  produced  by  charge  ex¬ 
change  of  H2+  in  C te  vapor.  The  fast  neutral  beam  was 
excited  by  a  tunable  cw  dye  laser,  running  coaxially 
with  the  molecular  beam  over  a  length  of  100  cm. 
Photodissociation  products  that  separate  from  the 
parent  beam  due  to  the  kinetic  energy  released  in  the 
dissociation  process  were  detected  with  an  off-axis 
channeltron  detector.  The  geometrical  position  of  the 
detector  limits  the  detection  to  fragments  with  a 
center  of  mass  energy  release  W  >200  tneV  at  a  beam 
energy  of  900  eV.  (see  Figure  1). 


t 


Figure  1  Feet  Molecular  Neutral  Beau  Spectrometer. 

The  spectrum  obtained  using  DO!  and  R6G  dyes  con¬ 
sists  of  a  large  number  of  discrete  lines  superposed  on 
a  broad  continuum.  The  discrete  transitions  can  be 
assigned  to  bound-bound-free  and  bound-quasi bound 
photodissociation  *  of  H2  c3^  through  the  electronic 
states  i  3ng,  g  3r.g,  h  3 Eg  and  J  3Ag.  These  states  are 
the  3s  and  3d  members  of  the  IsnA  Rydberg  series. 
Along  the  transitions  not  observed  previously  are  those 


from  the  (5,5)  band  of  the  i-c  and  g-c  systems.  The 
transitions  to  the  v-5  level  In  the  1  state  appear  near 
15600  cm  1  and  show  broadening  due  to  rapid  barrier 
tunneling  with  a  lifetime  of  10~33s.  Bound-free  photo- 
dissociation  appears  as  a  weakly  structured  background 
between  15700  and  17300  cm~*,  which  has  not  yet  been 
assigned.  The  background  is  absent  in  spectra  recorded 
with  a  beam  energy  of  2  keV,  which  indicates  that  the 
dominant  contribution  to  the  bound-free  signal  comes 
from  low  energy  fragments  with  W<500  meV. 

High  resolution  spectra  of  several  transitions 
were  recorded  using  slngle-f requency  laser  excita¬ 
tion.  The  experimental  resolution  in  these  spectra  is 
-  100  MHz,  limited  by  the  residual  Doppler  width  in  the 
fast  beam.  This  Doppler  width  corresponds  to  a  lab 
energy  spread  of  350  meV  for  the  neutral  beam.  The 
high  resolution  spectra  exhibit  marked  power  broadening 
even  at  laser  power  levels  as  low  as  a  few  mW. 

The  narrow  Doppler  width  in  the  fast  beam  allows 

partial  resolution  of  the  fine-  and  hyperf lne-structure 

In  both  the  c  state  and  In  the  3d  states.  The  fine- 

structure  in  the  c  state  gives  rise  to  a  splitting  of 

some  6  GHz . ^  The  hyperfine  structure  in  the  g  state 

is  at  the  present  level  of  precision  well  represented 

by  a  Feral  contact  parameter  with  a  value  very  close  to 

o 

that  of  the  Fermi  contact  parameter  in  the  c  state. 
This  could  be  expected,  since  the  dominant  contribution 
to  the  hyperfine  interaction  in  both  states  comes  from 
the  Is  electron.  The  fine-structure  is  strongly 
affected  by  the  A-uncoupling  in  the  3d  system.  The 
f ine-structure  in  the  g  state  of  ortho  hydrogen  measur¬ 
ed  in  the  present  experiment  is  consistent  with  an 

extrapolation  of  the  A-uncoupllng  treatment  of  para 
hydrogen  by  Llchten  et  al.3 
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RADIATIVE  DISSOCIATION  OF  SELECTIVELY  EXCITED 
ROTATIONAL-VIBRATIONAL  STATES  OF  H2(B,  C)  MOLECULES 

H.  Schmoranzer,  T.  Noll,  J.  Imschweiler,  K.  Molter 


Fachbereich  Physik,  Universitat  Kaiserslautern 
0-6750  Kaiserslautern,  H. -Germany 


Continuous  vacuum-ultraviolet  emission  from  selec¬ 
tively  excited  vibrational  levels  v1  of  the  B  2p 

12  u 

state  of  has  been  observed  previously  *  in  agreement 
‘  3 

with  elaborate  quantal  calculations  for  rotationless 
transitions.  The  radiative  transitions  from  B,  v'  levels 
into  the  dissociation  continuum  k"  of  the  bound  electro¬ 
nic  ground  state  X  Is  *£*  represents  a  mechanism  of  spon¬ 
taneous  radiative  dissociation  leading  to  hot  H(ls) 
atoms.  Spontaneous  radiative  dissociation  was  predicted 
for  the  C  2p  state,  too,  and  more  accurate  calcula¬ 
tions  of  transition  rates  for  the  B-X  continuum  were 

4 

made  by  including  rotational  distortion  . 

In  the  present  study  the  radiative  dissociation  of 
the  C  state  via  continuous  C-X  vuv  emission  and  the  ef¬ 
fect  of  rotational  distortion  on  the  B-X  emission  con¬ 
tinuum  were  observed  for  the  first  time. 

Monochromatized  synchrotron  radiation  from  the 
storage  ring  BESSY,  Berlin  was  utilized  to  selectively 
excite  individual  rovibronic  B  and  C  states  of  H2  which 
was  contained  in  a  differentially  pumped  gas  cell.  The 
bandwidth  of  the  3  m  -normal  incidence  monochromator 
used  was  0.015  nm.  The  vuv  fluorescence  radiation  was 
dispersed  by  a  high  luminosity  secondary  monochromator1 
of  i.4  nm  bandwidth  and  single  photons  were  detected  by 
a  position  sensitive  microchannelplate  which  enables  to 
record  a  spectral  interval  of  25  nm  width  at  a  time. 

The  emission  spectrum  of  the  C,  v ' =11,  J'=l  state, 
excited  via  the  Q(l)  line  out  of  X,  v"=0,  is  shown  in 
Fig.  1.  The  strongest  Q(l)  emission  lines  of  the  C, 
v • =1 1  *  X,  v"  bands  occur  for  v"»ll,  12  and  14  (the 
highest  bound  vibrational  state).  At  longer  wavelengths 


ii*  us  la  is  ta  ijs 
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FIGURE  1  Vuv  emission  spectrum  of  H2  C,  v ‘ =  1 1 ,  J ' =  I 
(v"-progression  and  adjoining  continuum) 


than  the  limiting  wavelength  for  bound-bound  emission, 
a  structured  continuum  is  observed  which  is  peaked  at 
125  nm.  Similar  results  were  obtained  for  other  upper 
vibrational  quantum  numbers  v' . 


Vav« length  trod] 

FIGURE  2  Continuous  vuv  emission  spectra  of  H,,  B, 
v' =13.  J ‘ =0  and  B,  v'=13.  J'=4 
As  an  example  for  the  effect  of  rotational  distor¬ 
tion,  the  emission  spectra  observed  beyond  the  limiting 
wavelength  are  shown  in  Fig.  2  for  the  B,  v'=13,  J'=0 
and  4  states,  excited  via  the  P(l)  and  R( 3)  lines.  In  this 
case  the  continuous  spectrum  exhibits  at  least  three 
marked  maxima.  The  effect  of  rotational  distortion  on  the 
wavefunctions  of  the  upper  discrete  state  and  the  lower 
continuum  state,  besides  changing  relative  peak  intensi¬ 
ties,  results  in  a  red  shift  of  the  intensity  maxima  with 

increasing  upper  rotational  quantum  number  J' ,  in  quali- 

4 

tative  agreement  with  theory  . 
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PHOTODTSSOCI ATT  ON  PROCESSES  OF  HYDROGEN  HALIDES 
STUDIED  WITH  SYNCHROTRON  RADIATION 
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The  photodissociation  processes  of  HX  (X  “  F,  Cl, 
and  Br)  are  investigated  u6ing  synchrotron  radiation  in 
the  105-200  nn  region  as  a  light  source.  The  photo¬ 


absorption  and  fluorescence  cross  sections  of  these 


molecules  are  measured. 


For  HF,  only  an  absorption  continuum  in  the  105- 


145  nm  region  is  observed.  This  continuum  corresponds 
to  the  A*X  *■  X1!*  transition.  The  absorption  cross 


—  1 8  2 

sections  have  a  maximum  of  3.5x10  cm  at  118  nm  and 


-19  2 

decrease  to  2x10  cm  at  145  nm. 


For  HC1,  an  absorption  continuum  corresponding  to 


the  A*”  ■*-  X*T+  transition  appears  in  the  135-200  nm 


region.  In  the  shorter  wavelength  region,  discrete 


structures  dominate  the  absorption  spectrum.  In  the 


120-135  nm  region,  the  C*”  (v»0,l)  X*  E+  transition 


shows  very  large  absorption  cross  section,  but  the 


3  i  + 

spin-forbidden  transition,  b  7.  «-  X  T  ,  also  has  a 

1  1 

significant  absorption  cross  section.  Both  the  C  H  and 


states  do  not  fluoresce,  indicating  that  these 


states  are  mainly  predissoc iat ive .  In  the  113-120  nm 


region,  the  absorption  cross  sections  are  quite  small 
and  look  like  a  continuum.  However,  the  weak  V1!  state 
in  this  wavelength  region  shows  fluorescence  In  the 
ultraviolet  and  visible  wavelength  region.  This 
fluorescence  makes  this  state  very  distinguishable  from 
the  absorption  continua. 

In  the  105-113  nm  wavelength  region,  the  HC1 
absorption  spectrum  shows  strong  structures  superimpos¬ 


ing  on  the  continua.  The  structures  correspond  to  the 


H  F,  and  other  unidentified  states.  Some 


states  show  fluorescence  in  the  ultraviolet  and  visible 


region,  but  not  in  the  vacuum  ultraviolet  region.  These 


fluorescence  results  indicate  that  the  lower  state  of 


the  observed  fluorescence  is  not  the  ground  state,  but 


1  3 

some  excited  states,  possibly  and  ^  that  are  repul¬ 


sive  states.  The  investigation  for  the  nature  of  the 


fluorescence  is  under-way. 


For  HBr,  the  absorption  continuum  for  the  A 


X  T.  transition  is  shifted  to  the  150-230  nm  region. 


The  absorption  maximum  at  175  nm  has  a  cross  section  of 


- 1 8  2 

2.5x10  cm  .  In  the  1 2 f»— 1  50  nm  region,  discrete 


structures  dominate  the  absorption  spectrum.  The 


oscillator  strengths  for  both  the  spin-allowed  transi¬ 


tion,  CU  *■  xV,  and  the  spin-forbidden  transition. 


b  ~  are  quite  large.  Similar  to  the  case  of 


HCt,  these  two  states  do  not  fluoresce,  indicating 


that  they  are  mainly  predissoc iat ive .  In  the  105-126  nm 
region,  the  absorption  spectrum  consists  of  strong 
structures  superimposing  on  continua.  Some  of  the 
states  fluoresce  In  the  ultraviolet  and  visible  region. 
The  nature  of  the  fluorescence  is  under  investigation. 

When  HBr  is  irradiated  with  excitation  wavelengths 


shorter  than  107.8  nm,  a  fluorescence  from  the  excited 


Br  atoms  is  observed.  The  fluorescence  spectrum  is 

4  2  4 

dispersed  and  identified  as  the  Br  ^3/2*  ^3/2 

-*■  ^3/2  an<*  ^3/2  ^1/2  trans^t^ons  at  157.7,  154.1, 


and  163.3  nm,  respectively.  From  the  threshold  of  the 
* 

Br  fluorescence,  the  dissociation  energy  for  HBr  is 


determined  to  be  3.65  eV. 


By  comparing  the  absorption  spectra  of  HF,  HC1  and 


HBr,  the  absorption  continua  for  the  A*E  ♦  X*£+  transi¬ 


tion  shift  to  the  longer  wavelengths  when  the  halogen 


atoms  become  heavier.  The  ratio  for  the  osc  *... 1  ator 


strengths  of  the  b3~  X*E+  transition  to  the  C*F 


transition  increases  from  0.02  for  HC1  to  0.2  for  HBr. 


This  Indicates  that  the  spin  conservation  rule  becomes 


less-vigorous  as  the  weight  of  halogen  atoms  increased. 
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PHOTODISSOCIATION  DYNAMICS  OF  ICN 


M.  A.  O'Halloran,  H.  Joswig,  and  R.  N.  Zare 
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An  understanding  of  the  detailed  dynamics  of  the 
photofragmentation  process  is  important  in  the  eluci¬ 
dation  of  many  photochemical  systems.  Because  of  the 
nature  of  the  bound-free  transition,  the  absorption 
spectra  of  many  single-photon  dissociation  processes 
are  broad  and  featureless.  In  order  to  learn  about  the 
excited  state(s)  and  dissociative  potential  energy  sur¬ 
face^)  involved  in  the  photof ragmentat ion  processes, 
it  is  therefore  necessary  to  examine  in  detail  the 
final  state  distribution  of  photofragments. 

We  have  been  studying  the  photodissociation  of 
ICN.  The  goal  is  to  try  and  learn  as  much  as  possible 
about  the  dynamics  of  the  photodissociation  process  by 
examining  the  final  state  distribution  of  the  CN  frag¬ 
ment  in  as  much  detail  as  possible.  ICN,  at  pressures 
of  10-20  mTorr,  is  dissociated  by  249  nm  radiation  from 

an  excimer  laser.  The  excimer  laser  is  also  used  to 

2  + 

pump  a  tunable  dye  laser  which  probes  the  CN  X  I  dis¬ 
tribution  after  a  delay  on  the  order  of  20  nsec.  The 
CN  fragments  are  produced  in  their  ground  electronic 
state,  and  the  dye  laser  is  tuned  through  the 
2  +  2  + 

CN  B  Z  *■  X  I  transition  to  probe  the  final  state 
distribution  via  laser  induced  fluorescence  (LIF). 

In  addition  to  conventional  measurements  of  vibra¬ 
tional  and  rotational  populations,  we  are  studying  the 
alignment  of  angular  momentum  in  the  CN  fragment.  This 
can  be  determined  by  observing  the  variation  in  fluo¬ 
rescence  intensity  as  the  probe  laser’s  polarization  is 
rotated  with  respect  to  the  direction  of  polarization 

of  the  photolysis  laser.  When  such  a  measurement  is 

..  2  + 
made  for  a  single  N  level  in  the  final  CN  X  Z  distri¬ 
bution,  the  second  multipole  moment  of  the  M^."  distri¬ 
bution  is  exactly  determined.^ 

Another  vector  quantity  that  we  can  measure  is  the 
angular  distribution  of  photofragments.  For  a  linearly 
polarized  photolysis,  the  normalized  angular  distribu¬ 
tion  of  photofragments  is  given  by 

f(6)  -  fl  +  bP2(cose)] 

2  2 

where  P^Cx)  *  *s(3x  -  1).  In  this  system,  the  atomic 

iodine  fragment  has  no  internal  degrees  of  freedom,  and 
the  CN  fragment’s  velocity  is  fixed  once  its  internal 
energy  is  known.  The  Doppler  profile  of  the  probe 
transition  will  depend  on  the  direct  ion  of  the  velocity 
of  the  CN  fragment  relative  to  the  direction  of  obser- 
vat ion. ^ 


Figure  1  Population  differences  of  the  F^  and  F^  spin- 

rotation  doublets  over  total  population  as  a 

function  of  rotational  quantum  number  N"  for 
2  + 

CN  X  Z  (v  =2)  produced  in  the  photodissocia¬ 
tion  of  ICN  at  249  nm. 

In  the  course  of  this  study,  we  have  also  observed 
that  the^two  spin-rotation  components  (Fj  and  F^)  of 
the  CN  X  l  fragment  are  unequally  populated  and  that 
this  difference  in  population  changes  as  a  function  of 
N”.  This  has  previously  been  observed  by  Wittig  and 
co-workers  in  the  dissociation  of  ICN  and  BrCN  at 

4 

266  nm.  In  Figure  1,  the  difference  in  population  of 
the  spin-rotation  doublets  divided  by  the  total  popula¬ 
tion  of  the  two  levels  is  plotted  as  a  function  of  rota¬ 
tional  quantum  number  N".  The  population  differences 
clearly  oscillate  and  tend  to  increase  with  N".  This 
effect  is  attributed  to  interactions  between  the  spins 
and  angular  momenta  of  the  iodine  and  CN  fragments. 

The  interactions  and  couplings  between  the  various  angu¬ 
lar  momenta  will  be  mediated  by  the  dissociative  poten¬ 
tial  energy  surface,  and  so  these  population  differences 
are  expected  to  be  a  very  sensitive  function  of  the 
dynamics  of  the  photod issoc iat ion  process. 
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Ab  initio  calculations  of  the  potential  curves, 
transition  dipole  matrix  elements  and  photodissociation 
cross  sections  of  the  lowest  three  and  lowest  three 
states  of  the  Oti+  ion  have  been  performed  to  provide 
data  of  Interest  in  the  modeling  of  cometary  atmo¬ 
spheres.  While  the  potential  curves  of  this  system 
have  previously  been  reported,*  the  transition  moments 
have  not  been  determined  and  the  photodissociation  pro¬ 
cess  has  not,  Co  date ,  been  studied  experimentally. 

Particular  emphasis  was  placed  in  these  calcula¬ 
tions  on  the  proper  determination  of  the  effect  of 
Rydberg  states  and  of  Rydberg-valence  interaction. 
While  neglect  of  Rydberg  mixing  may  not  significantly 
affect  the  qualitative  nature  of  the  potential  curves, 
particularly  for  the  repulsive  excited  states  at  issue 
here,  it  can  have  a  significant  influence  on  tne  calcu¬ 
lated  transition  moments.  Configuration  interaction 
calculations  were  carried  out  with  a  Slater-type  basis 
set  including  two  3s,  two  3p  and  one  3d  Rydberg  func¬ 
tion  on  the  0  atom.  Molecular  orbitals  determined  by  a 
complete  active  space  MCSCF  calculation  on  the  ground 
state  were  augmented  by  optimized  Rydberg  orbitals. 
The  resulting  potential  curves  are  shown  in  Figure  l. 
The  0(^P)  +  H+  asymptote  should  lie  0.019  eV  below  the 
O^(^S)  H  limit.  In  this,  and  in  previous  calcula¬ 
tions,*  the  asymptotes  are  obtained  in  the  opposite 
order,  which,  however,  does  not  affect  the  photodisso¬ 
ciation  cross  sections  reported  here. 

Cress  sections  have  been  obtained  for  photodisso¬ 
ciation  from  the  lowest  vibrational  and  rotational 
level  of  the  ground  state  to  the  repulsive  second  and 
third  sigma  and  pi  states.  The  variation  of  the 
transition  moments  in  tne  Franck-Condon  region  is 
insufficient  to  significantly  perturb  the  expected 
gaussian  shape  for  a  bound-free  cross  section.  The 
peax  values,  positions  and  full  widths  at  half  maximum 
are  listed  in  Table  1.  Dissociation  to  the  repulsive 
portion  of  the  A  state  resulted  in  a  peak  cross 
section  of  3.0xl0~^  cm^. 


Table  1.  Photodissociation  cross  sections  for 
transitions  from  0H+  X 


Final  State 


Peak  Position 

(A) 


Cross  Section 

(Cl.2) 


FWHM 

«) 


830 

2.45 

X 

IQ’18 

220 

730 

9.70 

X 

IQ'18 

130 

820 

1.32 

X 

IQ'18 

150 

700 

6.21 

X 

IQ'18 

55 

FIGURE  1  0H+  potential  curve,  calculated  In  this  work. 
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Polyatomic  photodissociation  dynamics  has  become  an 
area  of  significant  interest  in  recent  years  due  to  the 
advent  of  new  experimental  techniques  for  the  prepara¬ 
tion  of  initial  states  of  molecules  and  the  probing  of 
final  states  of  photofragments.  A  main  goal  of  the 
present  tneoretical  effort  is  the  evaluation  of  energy 
distributions  of  the  fragments. 

Recent  experimental  studies  indicate  C?N^  under¬ 
goes  indirect  photodissociation  at  wavelengths  between 
164  and  158  nm. 

c2n2( X  ^Vhv  >  C2N2(C  1n(J)  »  CN( X  V)+CN(A  ?n)  (1) 

Process  (1)  is  an  example  of  type  II  or  vibrational 
predissociation  which  occurs  on  a  single  multi¬ 
dimensional  adiabatic  electronic  potential  energy 

surface  ( pes ) .  Vibrational  distributions  have  been 

1  ? 

reported  for  several  wavelengths.  ’ 

A  golden  rule  formalism  is  used  to  evaluate  the 
energy  distributions  of  the  fragments.  Vibrational 
predissociation  represents  a  more  compli¬ 
cated  case  in  this  formalism  because  both  states 

belong  to  the  same  pes.  An  approach  has  been 
developed  which  enables  this  case  to  be  treated 
as  a  quantum  transition.3  It  essentially  entails 
the  use  of  a  diabatic  state  representation  which 
provides  a  localized  description  of  the  unimolecular 
process.  In  this  diabatic  representation  it  can  be 
shown  that  relative  populations  can  be  obtained  by 
evaluation  of  Franck-Condon  (FC)  integrals. 

The  main  difficulty  encountered  in  a  FC  formalism 
is  obtaining  an  expression  for  the  nuclear  wave- 
function  of  the  dissociative  state  which  adequately 
describes  the  relative  and  internal  motions  of  the 

4 

pnotof ragments .  The  present  adiabatic  description 
explicitly  treats  the  interaction  between  the  relative 
and  internal  motion  of  the  fragments  (final-state 
interactions) .  The  vibrational  frequencies  of  the 
fragments  as  well  as  the  equilibrium  bond  lengths  are 
found  to  be  dependent  on  the  interfragment  separation. 

The  theory  has  been  applied  to  col  linear  predis¬ 
sociation  of  C^N^fC  1ny)  where  bending  vibrations 
and  rotations  are  neglected.  A  full  three-dimensional 
treatment  will  be  presented  separately.  Ab  initio 
multiconfiguration  Hartree-Fock  (MCHF)  calculations 


were  performed  to  obtain  diabatic  electronic  states. 
Molecular  geometries,  force  constants,  and  harmonic 
frequencies  were  computed  for  the  C  3nu  state  in 
excellent  agreement  witn  the  limited  experimental  data 
available.3  The  nuclear  wavefunction  is  approximated 
by  harmonic  oscillator  functions  that  describe  the 
three  normal  mode  stretches.  The  validity  of  the 
harmonic  approximation  is  supported  by  the  equidistant 
bands  of  the  absorption  spectrum.3 

For  the  dissociative  state,  tne  harmonic  approxi¬ 
mation  is  also  employed,  but  is  not  essential,  to 
describe  the  internal  degrees  of  freedom.  Rigorous 
evaluation  of  the  FC  intergral  entails  knowledge  of 
the  frequencies  and  force  constants  of  the  dissocia¬ 
tive  state  in  the  region  or  overlap.  Tnese  ure 
obtained  from  minimal  basis  set  MCHF  calculations. 

The  translational  wavefunction  describing  tne  -eiati‘'e 
motion  of  the  fragments  is  determined  numerically 
using  standard  methods  by  solving 

♦  Ueff(3))preV)  =  E  *rel(J)  (2) 

>o  • 

where  Ueff(o)  is  the  effective  potential  including 
vibrational  contributions. 

Vibrational  distributions  of  the  photofragments 
computed  by  the  procedures  discussed  above  will  be 
reported  and  compared  to  experimental  results.  These 
distributions  are  found  to  be  sensitive  to  several 
factors.  These  include  the  number  of  product 
vibrational  levels  energetically  accessible  which  is 
presently  uncertain  due  to  the  lack  of  agreement  on 
the  C2n.,(X  3Z*)  dissociation  energy,  and  the  possi¬ 
bility  of  an  additional  electronic  cnannel  at  shorter 
wavelengths.  Comments  on  the  validity  of  the  various 
approximations  and  the  sensitivity  of  results  to 
parameters  will  be  discussed. 
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Recent  experiments  have  shown  that  the  photo¬ 
dissociation  of  cadmium  dimethyl  with  polarized  light 
in  the  wavelength  range  1900  -  3300A  leads  to  an 
anisotropic  distribution  of  the  photofragments. 5  The 
experimental  evidence  and  a  consideration  of  the  large 
amount  of  excess  energy  available  indicate  that  it  is 
likely  that  a  substantial  fraction  of  the  photochemical 

events  produce  three  fragments:  Cd  and  2CH, .  In  fact, 

2  3  J 

classical  trajectory  studies  ’  of  photodissociation  in 
this  system  predict  that  the  dominant  channel  is  that 
which  leads  to  three  body  dissociation.  We  have 
performed  a  time  dependent  gaussian  wavepacket 

calculation^  using  the  excited  state  potential  energy 
3 

surface  of  Kellman,  et  al.,  and  obtain  very  good 
agreement  between  our  product  state  distribution  and 
those  of  refs.  2  &  3.  Their  model  assumes  the 
dissociation  takes  place  with  the  C-Cd-C  atoms 
remaining  collinear,  treating  the  methyls  as  single 
atoms  with  masses  15.  We  also  assume  the  dissociating 
wavefunction  is  accurately  represented  by  a  single 
gaussi.m  wavepacket.  Thus,  we  determine  the  time 
evolution  of  the  wavepacket  by  solving  the  time 
dependent  '.cnrodinger  equation  assuming  that  the 
interaction  potential  can  be  represented  accurately  by 
a  local  Taylor's  expansion  truncated  after  the 
quadratic  terms. ^  From  this  single  wavepacket  we 
can  extract  all  product  state  distribution  for  al_l 
photon  energies.  We  also  obtain  the  total  photo¬ 
absorption  cross  section.^  By  comparison,  the  results 
of  Pattengill  required  on  the  order  of  a  thousand 
trajectories  per  photon  energy  to  obtain  statistical 
convergence.  Therefore,  these  calculations  illustrate 
the  computational  convenience  of  this  powerful  technique 
which  gives  exact  quantum  mechanical  results  provided 
the  local,  quadratic  expansion  of  the  surface  is  valid 
over  the  width  of  the  wavepacket. 

•Present  address  Aerospace  Corporation,  P.0.  Box  92957, 
Los  Angeles,  CA  90009 

••Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  Contract  Number  W-7405-ENG-48 . 
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Molecular  photodissociation  (PD)  at  the 
photon  energy  (I  is  the 

ionisation  potential  of  the  molecule  XY,t*) 
is  the  vibrational  quantum  cf  the  ion  Xir+  ) 
is  considered  by  means  of  multichannel  quan¬ 
tum  defect  (Mrjp)  method.  The  proposed  variant 
of  the  M.y)  method  enables  analytical  descrip¬ 
tion  of  PD  spectrum  defined  the  complete 
phenomenological  parameters  being  from  adia¬ 
batic  picture  of  terns.  V/e  proceed  from  the 
i„ct  that  adiabatic  terms  of  the  system 
(  without  mixing  of  electron  angular  momentum 
1  )  are  defined  by  equation  ( ti  =  n,  =  e  =  1  ) 

,1! 

The  ionic  (  TJ,  >  and  dissociative  (  U*  ) 
terms,  adiabatic  quantum  defects  fte  of 
Rydberg  levels  (  )  and  cofigu¬ 
ration  interaction  are  the  known 

functions  of  intornuclear  distances  »  here. 
The  adiabatic  wave  function  cf  the  initial 
(  %  -  A,  C.(£)  )<  Hydberr  (  an- 

dissociative  (  ^jf.  z  Y  1 (  (£)}  molecular  states 
J'  />  _>  A 

are  supposed  to  be  known  too  (  Jrj  is 

defined  et  the  energy  E  ret  by  the  nuclei  in 

accordance  with  the  energy  conservation  law 

?or  the  matrix  element  cf  the  dirole  tran- 

A 

sition  operator  D  in  te  the  dis-ociative 
state  yS  ,  me  get 

A 


V-\,v 


i  -matrix  elements  are  defined  f rem  the  set 
ol  algebraic  equations:  eq.  (:)  of  /I/  -  m 
case  of  one  dissociative  channel  or  oq.  (2) 
of  /?/  -  for  the  general  multichannel  case. 

At  the  energy  B  <  0  the  PD  spectrum 
(  without  mixing  1  and  with  taking  into 
account  the  P.ydberg  series  v  m  C  only  )  is 
given  by  expression 

-  ,  /  Unv  -Kc-J.f'- 

\-(E)~  — - r— — j - -£~  (.5) 

Hel°  > 

(  is  the  real  part  of  the  Green's  function 
describing  nuclei  motion  in  the  dissociative 
channel  JK  ).  Parameters  ,  £  and  ^ 
ierend  on  the  number  of  the  open  channels. 

In  the  case  of  one  dissociative  channel  the 
•’■q.  (."  )  incorporates  with  the  ejrnre:  sion 
(-1)  of  />/  at  the  following  rarametrisation 


of  the  3-matrix  in 


=  0,  2.  ,  =  -K  , 


;>e-  -<}.-!%  I}1]  ft 
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who  re  ail  peculiarities  of  the  ene’  '  tructu 
re  of  the  spectrum  ire  defined  by  T-matrix. 
Here  ^  -  [Z(£t  '£)]  ,  hv  is  the  nuc  lea- 

vibrational  energy  in  Cf  state.  The  energy  S 
measured  from  the  ionisation  threshold, 
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MULT I PHOTON  IONIZATION  OF  HYDROGEN  ATOMS 


H.G.  Muller  and  M.J.  van  der  Wiel 

FOM-Institute  for  Atomic  and  Molecular  Physics,  Amsterdam,  The  Netherlands 


It  is  in  general  very  difficult  to  compare  an  experiment 
on  multiphoton  ionization  with  theory.  The  high  light 
intensity  at  which  such  an  experiment  has  to  be  conducted 
causes  the  lowest  order  perturbation  results  no  longer 
to  be  valid,  leading  to  all  kinds  of  interest  ing  phenomena 
such  as  above- threshold  ionization  (ATI)  and  light- 
induced  threshold  shift.  On  the  experimental  side  the 
need  to  reach  high  intensities  makes  focussing  of  the 
light  beam  imperative,  causing  strong  inhomogeneity  in 
the  intensity,  which  makes  it  often  difficult  to  inter¬ 
pret  the  experimental  results.  Detailed  comparison  of 
theory  and  experiment  can  therefore  only  be  made  for  the 
simplest  of  systems,  which  naturally  led  us  to  the 
study  of  the  hydrogen  atom. 

In  order  to  avoid  the  difficulties  associated  with  the 
intensity  distribution,  we  employ  the  principle  of 
Stark-tuning^:  The  state  of  the  atom  from  which  we 
want  to  study  the  ionization  is  prepared  by  means  of 
excitation  with  a  different  color.  This  excitation 
happens  only  if  the  photons  of  this  extra  color  fit 
exactly  between  the  atomic  ground-state  and  the  selected 
excited  state.  Since  both  these  states  experience  a 
(generally  different)  ac-Stark  shift  due  to  the  presence 
of  the  ionizing  light,  (the  light  used  for  excitation  is 
sufficiently  weak  for  the  corresponding  shift  to  be 
negligible),  the  excitation  can  only  take  place  at  one 
specific  intensity  thereof.  Therefore  our  photo-ioniza¬ 
tion  target  atoms  are  only  produced  at  those  times  and 
places  in  our  pulsed  laser  focus,  at  which  exactly  this 
intensity  is  reached,  making  it  possible  to  perform 
ionization  at  a  well  defined  intensity. 


We  use  the  fundamental  of  the  YAG-laser  (1.064pm)  to 
ionize  the  atomic  hydrogen  3p  state,  which  is  prepared 
by  excitation  with  3  UV  photons.  Since  comparatively 
little  intensity  is  needed  for  this  excitation  the 
broadening  of  this  state  due  to  the  UV  caused  ac- 
Starkshift  can  be  kept  small,  leading  to  a  sharp  selection 
(~5Z)  of  the  intensity  at  which  the  2-photon  ionization 
from  3p  takes  place.  In  the  ionizing  step  the  2-photon 
process  due  to  the  YAG-light  competes  with  the  one-photon 
ionization  from  3p  with  another  UV  photon.  The  latter 
process  ensures  that  3p  states,  once  produced,  do  not 
hang  around  long  enough  for  the  light  intensities  to 
have  changed . 

At  the  moment  we  have  measured  the  4-photon  UV  resonant 
MPI  process,  and  the  influence  of  the  1064nm  light  on  the 
line-profile  (as  a  function  of  UV  wavelength) .  Before 
the  conference  we  hope  to  add  to  this  the  measurement 
of  the  3  UV  ♦  2  1R  ionization  rate,  and  possibly  the 
3  UV  ♦  3  IR  (ATI)  rate,  as  a  function  of  absolute 
intensity. 
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A  NEW  METHOD  FOR  THE  STUDY  OF  TWO  PHOTON  PROCESSES  IN  ATOMIC  HYDROGEN 


Viorica  Florescu  and  Tudor  Marian 
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In  the  dipole  approximation,  the  study  of 
two  photon  processes  in  atomic  hydrogen  can  le 
done  in  a  systematic  way,  if  one  first  c  a  1 c  u  “ 
lates  the  functions 


fO;  r) 


;  n  i  F 


> '  )  ir  '  . 


where  is  the  Coulomb  Green’s  func  - 

tion,  the  momentum  operator,  a  bound 

state  eigenfunction  and  0  a  function  of  the 
photon  energy,  changing  with  the  process  (emis¬ 
sion,  absorption  or  scattering).  The  functions 
determine  also  the  linear  response  of 

the  atom  to  the  action  of  a  monochrome' t  i  c  elec- 

1 

tromagnetic  plane  wave  .  The  function 
corresponding  to  the  ground  state,  was  studied 
systematically  by  Luban  and  coworkers-.  In  a 

previous  work\  we  have  considered  the  cases 

4 

n  -  2  and  r*  *  3,  and,  recently  ,  we  have  giv¬ 
en  a  compact  formula  for  V  „  ^ ,  valid  for  arbi¬ 
trary  (n,t,m).  For  1  + 0  each  function  is 

a  combination  of  two  vector  spherical  harmonics 
characterized  hy  two  radial  f unct ions  ,  f or  which 
convenient  integral  representations  have  been 
found.  For  f-0,  only  one  radial  function  de  - 
termines  which  is  proportional  to  r. 

We  investigate  some  properties  of  the 
functions  •  possible  series  expansions, 

small  and  large  r  beh  aviour ,  low  frequency  region. 
The  Kramers-He isenberg  matrix  elements 
for  two  photon  bound-bound  transitions  are  then 
directly  constructed  from  quantities  like 


n  tm,  ",  '  fc'V 


'IV1®  1 


>  P  j  8  , 


(2) 


where  8  j  and  8  ^  are  t  h  polarization  vectors 
of  the  photons.  We  obtain  rather  compact  ana¬ 
lytic  expressions  in  the  general  case.  From 
them,  one  recovers  easily  previous  results  con 
cerning  two  photon  bound-bound  transitions  for 
low  n  states  and  also  the  new  formulas  for 
18  ns,  Is  ■*  nd  transitions  obtained  by  Cos- 
tescu  et  al  .  ^ 

Further,  we  make  an  analytic  continuation 
in  the  electron  energy  of  the  expression  of 
the  functions  (1)  in  order  to  construct  the 
functions  corresponding  to  re¬ 

placed  by  the  partial  wave  u„n  in  Eq.  ( 1 ) . By 

t  tm 

summation  of  the  partial  waves  contributions 


we  construct  also  the  functions 

-**-►-*  -*  -*■  +  +  + 

u~(p;r)=  fO  ( ra  r  ' ;  n ;  p  u~(p  ;  r* '  )  ir ' ,  ( 2  ) 


where  u~(ptr)  are,  respectively,  the  Scatter¬ 
ing  out  and  in  wave f unct i ons  for  the  Coulomb 
field,  with  p  the  asymptotic  momentum  of  the 
elect  ron . 


The  functions  w~~  ( p ;  r  )  are  expressed  as 
combinations  of  the  vectors  r  and  p  implying 
two  scalar  functions  that  have  compact  analytic 
representations.  Their  properties  are  studied 
in  detail. 

Using  our  expressions  for  ’J— ,  we  establish 
analytic  formulas  for  the  K r ame r s - He i s e nbe r g 
matrix  elements  corresponding  to  bound-free  and 
free-free  transitions.  As  a  check,  we  reobtain 


the  analytic  results  for  Compton  scattering  by 

.6 


Is  electrons 
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ABSOLUTE  TWO-PHOTON  ABSORPTION  AND  THREE-PHOTON  IONIZATION  CROSS  SECTIONS  FOR  ATOMIC  GKYGEN 


D.  J.  Bamford,  W.  K.  Blschel,  L.  E.  Juslnskl,  R.  P.  Saxon  and  J.  Elchler 
Chealcal  Physics  Laboratory,  SRI  International,  Menlo  Park,  CA  94025 


The  technique  of  two-photon  excited  fluorescence 
has  been  used  to  measure  the  cross  section  for  the 

•1  3 

?2  j  q  ♦  ?2  transition  in  atomic  oxygen.  The  rele¬ 

vant  energy  levels,  along  with  the  excitation  and  de¬ 
tection  schemes,  are  shown  in  Figure  1.  Excitation  was 
monitored  by  observing  fluorescence  at  845  nm  from  the 
Vi.o  * 3*  transition. 1  Spontaneous  Raman  scattering 
from  molecular  hydrogen  was  used  to  calibrate  the  flu¬ 
orescence  detection  system. ^  The  spatial  and  temporal 
profiles  of  the  exciting  dye  laser  pulses  were  care¬ 
fully  measured  in  a  collimated  excitation  geometry, 
allowing  the  two-photon  cross  section  (a)  to  be  measur¬ 
ed  absolutely.  A  knowledge  of  this  cross  section  Is 
crucial  to  understanding  the  three-photon  ionization  of 
oxygen,  with  the  ^  q  level  serving  as  the  resonant 
intermediate  state.  In  this  case  the  third  photon  is 
identical  to  the  first  two.  By  monitoring  the  absolute 
number  of  ions  produced  by  each  laser  pulse  and  using 
the  two-photon  cross  section  measurement  described 
above,  it  was  possible  to  determine  the  excited  state 
photoionization  cross  section  (opl).  The  use  of  a 
collimated  laser  geometry  has  avoided  saturation  of 
either  step  in  this  process,  thus  allowing  it  to  be 
we 11 -described  by  a  simple  set  of  rate  equations. 

The  preliminary  measured  cross  sections  are 


X  ■  844.6  nm  < 


Laser 
X  -  225.7  nm 

I'' 

*  AWL 


at"2.9±l .5x10”^®  cm^/W  and  Op^»6.6±3.xl0“1^cm^. 

Theoretics'  calculations  have  been  undertaken  in 
parallel  with  the  experimental  measurements  to  provide 
a  more  complete  understanding  of  this  multiphoton  pro¬ 
cess.  From  perturbation  theory,  the  rate  for 
two-photon  absorption  In  sec~*  may  be  written*  as: 


2  2 

I  P  *(w> 


.  «  r  slier  RAR  er  \g? 

-here  P  -  J  (2) 

k  g  k 

and  r^  -  r*e^,  is  the  laser  polarization,  g(cu)  is 
the  line  shape  function,  and  I  is  the  laser  Intensity 
in  Watt /cm**.  The  rate  may  be  conveniently  expressed  in 
terms  of  a  generalized  two-photon  cross  section 
a.  Independent  of  laser  flux  in  cm^/W  as 
a-Vhv/I2-8.746xlCT30  P2  cn4/W  for  the  0Op3P2>10) 
*  0(3P2)  transition  at  225.7  nm  for  the  laser  tuned  to 
the  peak  of  the  Doppler -broadened  spectral  llneshape 
(assuming  T-298  K) . 


OXYGEN 


Figure  1.  Relevant  Energy  levels  for  the  two-photon 
resonant  three-photon  ionisation  of  0(*P) • 

The  matrix  elements  in  P  are  being  explicitly 
evaluated  from  configuration  interaction  calcula¬ 
tions.  Two  off-diagonal  sum  rules  employed  by  Huo  and 
Jaffe  are  being  used  to  estimate  the  error  due  to 
truncation  of  the  infinite  sum  in  Eq.(2).  The 

calculated  jib  initio  value  for  the  two-photon  cross 
section,  a,  is  2.5xlO“^®cmVw,  which  is  in  excellent 
agreement  with  the  measured  cross  section.  We  estimate 
the  error  due  to  truncation  is  less  than  10  X.  A 
critical  analysis  of  the  source  of  error  in  these 
calculations  will  be  presented. 

Work  supported  by  the  Defense  Advanced  Research  Project 
Agency  under  contract  No.  N6921-84-C-0052,  through  the 
Naval  Surface  Weapons  Center. 

J.  Elchler  is  on  leave  from  the  Hahn-Meltner  Institute, 
D-1000  Berlin  39,  W.  Germany. 
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3ES0NAHT  MPI  OP  SODIUM  ATOM.:  BY  TV''  INTENSE  LASER  FIElt.S 

D. Feldmann ,G .Otto ,D . Petring  and  K.H.'rfeige 
Fakultut  fiir  Physik  ,Universit5t  Biele  *'eld  ,31800  Bielefeld  1  FR  J 


Experimental : 

The  multiphoton  ionization  spectrum  has  been 
measured  in  t.ce  presence  of  a  second  laser 
field  (\  .=  nm)  in  tr.e  waveiengt..  range  be¬ 

tween  ;47  nm  ana  380  rim. Both  lasers  have  teen 
fncuseu  tr  obtain  intensities  up  to  about 
Ij1  V.cm  *• . Tne  figure  shows  the  Ha*-iori  yield 
versus  the  wavelength  X.  .Both  lasers  are  linear- 

X 

ly  polarised  parallel  to  each  other. 

Discussion : 

The  peaks  labeled  A ,3, 1  and  0  are  observed  at 
photon  energies  for  which  two-phcton  reso¬ 
nant  three-phuton  ionisation  is  possible: 

Peak  "A"  :  2u,  =  v(d^D);  "B":  -  S(62T); 

ujtuj  =  E(6?r-1;  "D"  =  E(52D). 

Ei  )  denotes  the  excitation  energy  of  the  state 
in  brackets  and  u,  ,  the  respective  phot  >n  erier- 

A  i  *- 

gie.i  ’oceoses  of  this  type  have  often  been  ob- 
ir.  MPI  and  will  not  be  considered  here 
in  detail  .V.'e  shall  only  discuss  the  additional 
pea.:.:  labeled  "E"  and  "F"  which  cannot  be  ex¬ 
plained  as  resonant  three-photon  ionization. 

Trey  am  observed  at  photon  energies  to,  which 
full  fill  the  following  formal  energy  conserving 
equations:  Peak  ’Ti”  :  3^  =  Eib^D)  -rat-,, 

"p"  :  ‘"l  =  "(52?1/2)  ♦*,  and 
=  E(32F7/,,)  +<»c  • 
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Peak"E" :  At  this  p.aotor.  energy  th < -  I'P-slete  is 
resonantly  coupled  into  the  MPI  process. Two 
pathways  can  be  considered:  (a)  The  V^D-state 
car.  be  coupled  by  w,,  into  the  otherwise  unstruc 

C 

tureu  3^- ionisation  continuum .Processes  of 
this  type  have  teen  called  "autcionizing  line' 

resonances' .r,:iey  huv-r  dee:,  i 23c j hod  theoreti- 

?  •  1 
oally'  and  experimental  ri.-uli.*  un  induced 

polarization  jini  s»:  *r*>;  y  ar.d  frequency  tripling 
have  been  explained  by  such  prcceosev  .The  in¬ 
terest  ir.  ..uch  trocesc^f  ai-ire?  from  the  possi¬ 
bility  to  selectively  e har.it e  i;..?  properties  >f 
an  ionization  continuin'.  a:.u  t..ey  are  closely 
related  to  the  process  of  ci  l mu  1  'Jt  eo  recomb i- 

7 

nation.-  Our  experiment ai  results-  indicate 
however  that  the  AT.-cta*  e  in  reached  in  > 
different  way  (t':u  Raman-type  (2jj-«i,+a>1  )-ex- 
citatior  which  proceeds  in  the  energy  region 
below  the  icni  .-.alien  limit. 

Peaks  "F":  Tr.e  two  peaks  are  separated  by  O.Jrsir 
They  have  the  sane  night  and  shew  the  same 
behavior  for  different  pola-ixati one  ltd  inten¬ 
sities  of  the  lasers,  hiey  .-a:  be  attributed  tc 
the  excitation  of  the  ’“"."-state  hy  a  Raman-type 
(  2w  j -.J2  ) -process  with  sut  seauent  2.. }  -  5  or.i  tat  ion 
This  conclusion  is  uerived  fro:::  tne  11:  ^ar 
w.,- intensity  deper.aarcc  and  preliminary  measur- 
ments  of  electron  energy  -.peclr.a. 

Conclusions : 

At  intensities  of  about  3'~  '.'cm  *  resonant  !y 

enhanced  five-;  holer,  icninat  j  ■  t  ..-an  oe  stronger 
than  r.onresonant  t  hre— pl.ot  r.  ionization. 

Vfe  find  r.o  evider.ee  for  "au*  oiir.’/.inc  like'1 
resonances  ir.  the  Mr’  ~>p<-  otru::. . 
tef.?ren-.:rs  : 

1  C .  "  .Pimov  ,L.l.!’tiVlf.  .'tame  r.-.v  ,Yu  .  I  .  Oeller 

arid  A . .Popov  ;Appl .  H  y :• .  .'  ,3;  '  '  '•  3  '  , 

:j .  c.  r'i-.ov  ,L .  1 .  t  vl  tv  ,  r  .  ' .  'tame:..-,  and  l.r  .  Alt 
shullei- ;hpt .  ..unt.  ■  ilectr.  1  j  ,  1  1  it'1'7' 

2  see  for  example:  V-u.i.icl.  :  at.  i  ■'  .  :i .  p-pov  ; 
r.ov.rhys.JFTP  bj.,2V  ' : 

r.E.Co’.-rin  and  P .  i.  ■  Ei.  i  i-t.t  hv  -.BlB.i.-it 
(Idiot 

3  because  <  f  re:  tr  i  . :  i  ryior  ••■tail  i-jin.-t 

given. 


Figure:  The  MPI  spectrum  of  Na-atoms 


TWO  PHOTON  IONISATION  Of  MET AST ABLE  HELIUM 


II.  Haber  I  and,  J.  Hohne,  and  M.  Oschwald 
fakuitat  fur  Physik,  (ini vers i tat  freiburg,  D  7000  Freiburg,  West  Germany 


Two  photon  ionisation  of  metastable  Helium  has 
been  studied  experimentally.  The  total  ion  signal  lias 
an  unexpected  structure  on  the  dipole  resonance. 

Metastable  lie-atoms  (lie*)  are  produced  in  a  gas  dis¬ 
charge  source.  They  are  ionized  by  an  excimer  laser 
pumped  dye  laser  with  a  bandwidth  of  0.6  cm”*.  The  laser 

is  focussed  on  the  He*  beam.  At  an  energy  of  1  mj  per 

2 

pulse  a  power  density  of  about  1.5  GW/cm  is  obtained  in 
the  ionisation  volume. 

The  Me+  ions  are  extracted  by  an  electric  field, 
accelerated,  mass  selected  by  a  TOE  spectrometer  and  de¬ 
tected  in  a  secondary  electron  multiplier. 

The  Me+-ion  signal  is  shown  as  a  function  of  the 
laser  frequency  in  Fig.  1.  The  laser  intensity  was 
0.8  mJ/pulse.  A  split  resonance  at  501.71  nm  due  to  the 
dipole  transition  ( 2 ^ S—  3 * P )  and  one  sharp  resonance  at 
506.35  nm  due  to  the  quadrupole  transition  (2^5^3^D)  in 
the  first  step  of  the  two  photon  ionisation  process  of 
He(2*S)  are  observed. 


504  nm 


FIGURE  1  He*  two  photon  ionisation  signal  at  a  laser 
intensity  of  .0  ml/pulse.  The  sharp  peak  at 
506.35  nm  is  flue  to  the  quadrupole  transition. 


The  Z  S-J  P  dipole  resonance  is  stronqly  broadened 
due  to  saturation  of  the  resonant  step  in  the  two  photon 
process  (see  inset  of  Fig.  1).  There  is  a  rapid  decrease 
of  the  signal  at  501.71  nm,  where  the  maximum  of  the  re¬ 
sonance  is  expected.  The  double  structure  of  the  peak 
vanishes  with  decreasing  intensities  (Tig. 2).  No  influ¬ 
ence  of  the  laser  polarisation  could  be  observed,  no 
that  there  is  no  hint  of  an  AC-5lark  shift  different  for 


the  m=0  and  the 


|=1  levels  of  the  3  P  state.  The  nature 


of  this  structure  is  not  understood  presently. 


0.2  0.6  0.6  0.8  mJ/pulne 

riGURE  2  Intensity  dependence  of  the  splitting  of  the 
dipole  resonance. 

The  quadrupole  resonance  appears  at  506.35  nm  as  ex¬ 
pected.  The  width  of  this  resonance  in  Fiq.  1  is  limited 
by  the  laser  bandwidth.  I he  intensity  of  this  resonance 
is  remarkable  high  and  of  the  same  order  of  magnitude  as 

the  dipole  resonance.  Shnrma,  and  Mathur*,  and  Aymar, 

2 

and  Crance  calculated  the  generalized  two  photon  ioni¬ 
sation  cross  section.  Sharma  and  Marthur,  who  included 
the  quadrupole  coni r ihul inn,  predicted  that  the  quadru¬ 
ple  resonancp  should  lie  much  smaller  than  the  dipole  re¬ 
sonance  in  ront rndirt  ion  In  our  experimental  results.  At 
hiqh  intensities  the  quadrupole  resonance  also  exhibits 
a  splitting  but  oT  much  smaller  width  than  the  dipole 
resonance  (fig.  3). 
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FIGURE  3  Structure  of  the  guadrupnle 
resonance  at  a  higher  laser 
intensity. 
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STEPWISE  MULTIPHOTON  EXCITATION  STUDIES  OF 
AUTOIONIZING  RYDBERG  SERIES  IN  Mg 

R.E.  BONANNO,  J.D.  FASSETT,  T.B.  LUCATORTO,  J.J.  SNYDER,  AND  C.W.  CLARK 
NATIONAL  BUREAU  OF  STANDARDS.  GAITHERSBURG,  MARYLAND  20899 


Multiphoton  excitation  has  been  used  to  determine 
the  energies  and  widths  of  autoionizing  states  of  the 
type  3pnt.  For  the  lowest  level  of  this  kind,  the 
3p2 ( 1 S0 ) ,  a  two-photon  transition  was  utilized.  For 
states  3pnt  with  n  >  8  stepwise  processes  3s2  ♦ 
3sn0t0  ♦  3pnt  were  used. 

Fig.  1  shows  a  scan  of  the  3p2(‘S0)  level 
accessed  by  a  single  color  two-photon  process.  The 
asymmetry  of  the  profile  is  due  to  the  fact  that  as 
the  laser  is  scanned  over  the  r  -  360  cm"1  width  of 
the  3p2 ( 1 S0 )  resonance  at  ~  68300  cm"1  the  3s3p( 1 P , ) . 
level  at  35,051.3  cm"1  provides  a  varying  amount  of 
near  (single-photon)  resonant  enhancement  to  the 
3s2 ( 1 S0 )  ♦  3p2 ( 1 Sq )  transition.  Our  initial  measure¬ 
ments  of  the  width  and  energy  of  this  resonance  agree 
well  with  the  single  previous  measurement.1  We 
believe  our  results  represent  the  first  observation  of 
lineshape  asymmetry  due  to  of f-resonance  enhancement. 

Fig.  2  shows  a  typical  scan  for  transitions  of 
the  type  3s2  ♦  3s25d  ♦  3pnd.  In  addition  to  the 
strong  transitions  at  280.3  nm  and  279.5  nm  associated 
with  the  3s25d  ♦  3p(2P,/2)25d  and  3s25d  »  3p(2P3/2 ) 2bd 
transitions  respectively  (spectator  electron  An=0 
transitions),  we  easily  observe  series  members  between 
3pl8d  and  3p34d.  This  relatively  wide  distribution  of 
differences  between  the  principal  quantum  numbers  for 
the  “spectator"  electron  is  a  characteristic  of  the 
large  difference  in  quantum  defect2  between  the  3snd 
and  3pnd  series.  By  the  systematic  study  of  such 
spectra  using  several  different  intermediate  states, 
we  hope  to  provide  an  analytical  extrapolation  to  the 
3pns  and  3pnd  Rydberg  series  which  should  prove  useful 
in  calculations  for  dielectronic  recombination  of  Mg*. 


FIGURE  1 
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The  data  was  taken  by  the  technique  of  resonance 
ionization  mass  spectrometry  (RIMS)3  in  which  laser- 
produced  ions  are  mass  analyzed  and  then  detected  with 
a  particle  multiplier/counter.  The  technique  provides 
excellent  sensitivity  (an  estimated  50t  overall  detec¬ 
tion  efficiency  for  ions  produced  by  the  laser)  and  a 
reliable  measure  of  the  total  ionization  efficiency  of 
the  selected  species. 

This  work  was  supported  Oy  US  DoE  under  contract 
DE-AI05-  83,  ER60185. 
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MULTIPHOTON  STUDIES  OF  HIGHLY  EXCITED  STATES  OF  ATOMIC  IODINE 
S.  T.  Pratt,  P.  M.  Dehmer,  and  J.  L.  Dehmer 
Argonne  National  Laboratory,  Argonne,  Illinois  60439  U.S.A. 


The  development  of  high  power  tunable  dye  lasers 
has  led  to  a  dramatic  increase  in  the  study  of  high 
Rydberg  states  of  atoms  through  the  use  of  multiphoton 
and  multistep  excitation.  Although  the  alkali  and 
alkaline  earth  atoms  have  been  explored  in  great  detail 
using  these  techniques,  other  groups,  such  as  the 
halogens,  remain  relatively  unstudied.  For  this  reason 
we  have  recently  performed  two  different  series  of 
experiments  using  resonantly  enhanced  raultiphoton 
ionization  to  study  the  high  Rydberg  states  of  atomic 
iodine.  In  the  first  experiments,^  two  photon 
excitation  was  used  to  access  the  odd  parity,  single 
photon  forbidden,  np  and  nf  Rydberg  states  below  the 
first  ionization  potential  (I+  -*P ^ ),  while  in  the  second 
experiments,  two  color  excitation  was  used  to  access  the 
even  parity,  single  photon  allowed  manifold  of 
autoionizing  Rydberg  states  converging  to  the  higher 
ionization  potentials  of  iodine. 

The  experimental  apparatus  consists  of  a  pulsed 
NdrYAG  pump  laser,  two  dye  lasers,  a  t ime-of-f light  mass 
spectrometer,  and  an  electrostatic  energy  analyzer;  the 
latter  was  not  used  in  the  studies  discussed  here. 

Atomic  iodine  was  produced  by  the  photodissociation  of 
methyl  iodide,  which  is  known  to  populate  both  the 

j  h  0 

I  Pj/2  ground  state  and  the  I  Pj/2  excited  state 
(7603.15  cm-1  above  ^P-j^)  ln  the  wavelength  region  of 
interest  (2900-2600  A). 

In  the  first  experiment,  a  single  laser  was  used 
both  to  photodlssoclate  the  methyl  iodide  and  to  probe 
the  atomic  iodine  produced.  The  two  photon  resonant, 
three  photon  ionization  spectrum  was  recorded  by 
monitoring  the  I+  Ion  signal  as  the  laser  wavelength  was 
scanned.  By  focusing  on  two  photon  transitions  from  the 

4  2  2 

I  Pj/2  excited  state  rather  than  those  from  the  ^3/2 
ground  state,  it  is  possible  to  access  the  high  lying 
Rydberg  states  of  interest  using  wavelengths  between 
2680  A  and  2600  A.  These  wavelengths  are  readily 
achieved  by  frequency  doubling  the  dye  laser  In  a  KDP 
crystal.  Using  this  technique,  we  have  observed  the  odd 
parity  (^p2)np  and  nf  Rydberg  series  to  high  n  (>  30) 
for  the  first  time.  Because  of  the  simplicity  of  this 
technique,  it  should  be  straightforward  to  extend  this 
work  to  study  the  effects  of  external  electric  and 
magnetic  fields  on  the  high  Rydberg  states  of  atomic 


In  the  second  experiment,  one  laser  is  used  to 
produce  the  atomic  iodine  and  to  pump  it  via  two  photon 
transitions  to  low  lying  np  Rydberg  states.  The  second 
laser  Is  then  used  to  probe  transitions  from  these  low 
lying  states  to  high  lying,  even  parity  Rydberg  states 
converging  to  the  excited  states  of  I+.  These  high 
lying  Rydberg  states  will  autolonize  and  the  transitions 
are  detected  by  monitoring  the  I+  ion  signal.  For 
example,  by  pumping  the  two  photon  ^Pj/2  *  (*D2) 

6p[3l^/2  transition,  and  then  probing  single  photon 
transitions  from  the  (^2)  6p 1 3 ] 3/ 2  level  to  the  region 
surrounding  the  I+  ^2  threshold,  we  have  observed  (^2) 
ns  and  nd  Rydberg  series  up  to  n  >  30.  Although  these 
Rydberg  states  do  autolonize,  the  line  widths  are  quite 
small  and  the  peaks  are  symmetric,  indicating  a  weak 
coupling  to  the  continuum.  By  pumping  the  (^2) 

8pl 1 ) 1/2  transition  and  probing  in  the  same  region,  one 
accesses  a  different  set  of  (^2)  ns  and  nd  states,  due 
to  the  angular  momentum  selection  rules.  In  this  case, 
one  of  the  series  is  quite  broad  and  asymmetric,  while 
others  are  again  quite  sharp.  In  some  cases,  the  same 
final  states  can  be  accessed  from  two  different  pumped 
states,  and  in  these  instances,  one  expects  to  observe 
that  the  Beutler-Fano  llneshape  parameter,  q,  depends  on 
the  excitation  pathway. ^ 

This  work  was  supported  by  the  U.S.  Department  of 
Energy  and  the  Office  of  Naval  Research. 
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ELECTRON  CORRELATION  IN  EXCITED  VALENCE 
STATES  OF  BARIUM  STUDIED  BY  RESONANT  MPI 

John  E.  Hunter  III,  James  S .  Keller,  and  R.  Stephen  Berry 

Department  of  Chemistry  and  the  James  Franck  Institute. 

The  University  of  Chicago.  Chicago,  Illinois  60637 

Theoretical  studies  have  shown  that  the  low-lying,  valence 
states  of  the  alkaline  earth  atoms  are  likely  candidates  to  show 
strong  electron  correlation. ,a  even  to  the  extent  that  they  may  be 
described  by  molecule-like  quantization  (i.e.  the  rotation,  bending, 
and  stretching  motions  of  a  linear  triatomic).**  We  have  used 
combined  multiphoton  ionization  and  photoelectron  spectroscopy 
(MPI-PES)  to  investigate  some  of  these  states. with  the  ulti¬ 
mate  goal  of  inferring  as  much  as  possible  about  the  nature  and 
degree  of  their  electron  correlation.  Angular  distributions  of  pho¬ 
toelectrons  and  branching  ratios  to  different  final  ion  core  states 
have  suggested  collective  motion  of  the  valence  electrons  in  several 
excited  states  of  barium 

We  collect  electrons  from  a  multiphoton  ionization  process 
resonant  with  the  excited  state  of  interest  using  several  nitrogen- 
pumped  dye  lasers  crossed  with  an  atomic  beam.  Branching  ratios 
to  various  states  of  the  remaining  ion  are  measured  by  time-of- 
flight  resolution  of  the  photoelectrons.  Angular  distributions  of 
energy- resolved  photoelectons  are  obtained  by  synchronous  rota¬ 
tion  of  the  linear  laser  polarizations  with  respect  to  a  fixed  chan- 
neltron  detector. 

We  present  results  on  our  studies  of  doubly-excited  states  of 
barium  In  which  the  two  valence  electrons  have  nearly  equivalent 
principal  quantum  numbers.  The  states  of  the  epa  configuration 
are  of  particular  interest  because  of  their  connection  to  the  molec¬ 
ular  picture  of  electron  correlation.  In  addition  to  the  direct  pho¬ 
toionization  studies,  we  have  collected  angular  distributions  from 
the  autoionization  of  the  broad  6 p*  ‘5g  level.  Measurements  of 
angular  distributions  and'  branching  ratios  to  different  ion  cores 
for  the  bound  states  are  also  reported. 
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qUANTUM  REGULARITY  IN  THE  CHAOTIC  CLASSICAL  STADIUM  SYSTEM: 

IMPLICATIONS  FOR  IONIZATION,  SPECTROSCOPY,  MULTIPHOTON  PROCESSES  AND  REACTIONS 

Bai,  Yi  Yan  ,  K.  Stefanski  and  H.S.  Taylor* 

‘National  Research  Center  for  Science  &  Technology  for  Development,  Beijing,  China 
“institute  of  Physics,  Nicholas  Copernicus  University,  87-100  Torun,  Poland 
^Department  of  Chemistry,  University  of  Southern  California,  Los  Angeles,  CA  90089  USA 

Classical  mechanics  is  often  used  to  model  quantum 
processes  such  as  ionization  and  collision  phenomena. 

New  phenomena  such  as  chaotic  diffusion  ionization1 
(Ionization  of  highly  excited  hydrogen  atom  in  strong 
microwave  solids.  Classically  the  electrons  moves  slow¬ 
ly,  but  chaotically  out  of  the  atom)  have  been  predicted 
based  on  classical  analysis^  and  computations1.  Surpris¬ 
ingly,  at  least  at  first  thought,  quantum  mechanics  show¬ 
ed  no  trace  of  such  behavior'1.  Hence,  the  question  arises 
as  to  when  and  why  classical  and  quantum  treatments  will 
agree.  The  explanations  of  former  years  did  not  envision 
such  distinction  as  regular  (quasiperiodic)  and  irregu¬ 
lar  (chaotic)  motion.  Here,  and  in  a  paper  on  quantum 
stadium  billiard  problem4,  an  explanation  shall  be  given 
as  to  why  the  quantum  system  exhibits  both  regular  (loc¬ 
alized)  and  irregular  (delocalized)  states  while  the 
classical  system  is  always  chaotic  and  delocalized.  Im¬ 
plications  for  collision  resonant  complexes,  spectroscopy 
and  ionization  will  be  discussed.  Exactly  the  same  mech¬ 
anism  of  quantum  localization  found  in  the  stadium  is 
found  by  others5  to  explain  the  spectra  of  hydrogen  atom 
in  very  high  magnetic  fields.  This  mechanism  is  the  Born- 
Oppenheimer  adiabatic  (BOA)  approximation.  What  is  new 
here  that  never  plagued  molecular  problems  is  the  problem 
of  choosing  the  coordinates  in  which  regular  systems  can 
be  treated  by  quantum  number  assigning  methods  as  BOA 
and  self  consistent  field  method.  Assignment  of  quantum 
numbers  is  shown  to  explain  the  absence  of  chaos.  For 
the  Quantum  Stadium  the  BOA  supplies  adiabatic  invariants 
that  cuases  the  motion  to  be  regular.  In  the  classical 
case  the  BOA  breaks  down  and  chaos  is  found. 
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Bayfield  and  Pinnaduwage^  have  reported  experiments 
in  which  hydrogen  atoms  in  selected  high  Rydberg  states 
at  the  edge  of  the  Stark  manifold  interact  with  micro- 
wave  radiation  at  frequencies  between  6  and  9  GHz,  for 
a  period  of  approx ima tel y  0.4  _s.  The  intensity  of  the 
radiation  corresponds  to  a  peak  field  strength  of  8-25 
V/ cm.  Changes  in  the  principle  quantum  number  n  are 
monitored  by  the  field-ionization  technique.  Separation 
of  the  states  with  the  same  value  of  n  is  achieved 
through  laser  excitation  in  a  static  electric  field  of 
strength  5-9  V/ cm.  Most  of  their  data  has  been  obtained 
for  n  =  60  or  63.  Classical  theories  of  ionization 
suggest  that  states  with  n  '  ?0  will  be  unstable  for 
fields  in  the  middle  of  this  ranqe.  Ionization  from 
states  with  n  60  can  thus  be  regarded  as  the  con¬ 
sequence  of  a  series  of  n-changing  transitions. 

We  are  engaged  in  quantum  calculations  to  see 
whether  this  ionization  results  from  a  coherent  multi¬ 
photon  excitation  or  from  the  incoherent  combination  of 
several  n-changing  transitions  in  an  almost  random  walk 
through  phase  space.  Such  stochastic  motion  has  been 
studied  in  classical  calculations  but  it  has  been 
suggested2  that  the  onset  of  stochasticity  occurs  at 
higher  field  strengths  in  quantum  mechanics  than  in 
classical  mechanics  and  that  the  phase  space  diffusion 
may  be  slower. 

Comparison  of  the  Rabi  flopping  frequency  associ¬ 
ated  with  n-changing  transitions  and  the  orbital 
frequency  of  the  Rydberg  electron  suggests  the  intro¬ 
duction  of  a  reduced  field  strength  FQ  =  n^  F,  where  F 
is  measured  in  atomic  units  (51.4  x  10®  V/cm.).  For 
F  e  1,  transition  strengths  can  be  computed  by  standard 
multi-photon  perturbation  theory3  and  the  results  are 
very  sensitive  to  the  frequency  of  the  microwave 
radiation.  Comparison  between  theory  and  experiment  is 
possible  for  several  resonances.  The  positions  of  the 
resonances  are  explained  well  by  theory,  but  the 
computed  values  of  their  widths  are  smaller  than  the 
apparent  experimental  values4.  The  discrepancy  could 
be  due  to  the  inadequacy  of  the  perturbation  theory,  or 
could  indicate  that  the  observed  peaks  contain  contri¬ 
butions  fro"’  several  Stark  states. 

Evaluation  of  the  dipole  matrix  elements  between 
states  with  neighboring  values  of  n  shows  that  extreme 
Stan  states  are  coupled  most  strongly  to  other  such 
states.  Thus,  as  a  first  approximation,  one  canconsider 
a  single  "Mr, i fold  of  states  that  we  call  the  extreme 
Start  ladder.  When  F0  exceeds  1,  perturbation  theory 


breaks  down  and  alternative  methods  should  be  employed. 
The  simplest  technique  involves  the  expansion  of  the 
time-dependent  wave  function  in  terms  of  the  unperturbed 
eigenstates  and  the  numerical  integration  of  the 
coupled  equations  relating  the  expansion  coefficients. 
The  solution  can  best  be  expressed  in  terms  of  the 
time-development  operator  T  that  describes  the  propa¬ 
gation  of  the  wave  function  through  one  period  of  the 
AC  microwave  field.  Numerical  integration  is  then 
required  only  over  this  relatively  short  time  period 
and  further  propagation  can  be  computed  through  matrix 
multiplication.  The  structure  of  this  operator  will 
be  demonstrated  in  the  poster  presentation. 

A  third  approach  to  a  solution  is  through  the 
direct  numerical  integration  of  the  Schrodinger 
equation  in  parabolic  coordinates.  This  approach 
provides  a  more  complete  treatment  of  the  effects  of 
the  DC  field  but  is  most  demanding  of  computer  time. 
Results  should  be  available  at  more  moderate  values  of 
n,  and  the  progress  in  developing  special  techniques 
for  high  n  will  also  be  reported. 

This  work  was  supported  by  the  National  Science 
Foundation. 
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The  SU(3)  dynamical  evolution  of  three-level  sys¬ 
tems  at  two-  and  multiple-photon  resonances  induced  by 
two  strong  linearly  polarized  monochromatic  fields  is 
studied  exactly  for  the  first  time  by  means  of  the 

semiclassical  many-mode  Floquet  theory  (MMFT )  recently 
i  o 

developed  by  the  authors.  •  Within  the  rotating  wave 
approximation  (RWA),  it  has  been  recently  shown  by 
several  workers'*  that  the  eight-dimensional  SU(3)  co¬ 
herent  vector  S  characterizing  the  time-evolution  of 
the  three-level  systems  can  be  factored  into  three  in¬ 
dependent  vectors  of  dimensions  three,  four,  and  one, 
at  appropriate  two-photon  resonance  conditions.  In 
practice,  however,  if  the  laser-atom  interactions  occur 
away  from  the  two-photon  resonance,  or  if  the  RWA  is 
not  valid,  or  if  damping  mechanisms  are  included,  this 
Gell-Mann  type  SU(3)  dynamical  symmetry  will  be  broken. 
It  is  shown  in  this  paper  that  instead  of  solving  the 
time-dependent  generalized  Bloch  equations,  the  SU(N) 

2 

dynamical  evolution  of  the  (N  -1)  dimensional  coherent 
vector  S  as  well  as  various  symmetry-breaking  effects 
can  be  expediently  studied  by  the  use  of  the  MMFT  and 
expressed  in  terms  of  a  few  time-independent  quasi¬ 
energy  eigenvalues  and  eigenvectors.  Furthermore,  the 
generalized  Van  Vleck  (GW)  nearly  degenerate  perturba¬ 
tion  theory^*  can  be  extended  to  an  analytical  treatment 
of  the  time-independent  many-raode  Floquet  Hamiltonian. 
The  general  idea  behind  the  MMFT-GVV  technique  is  to 
block-diagonal  ize  the  Floquet  Hamiltonian  Mp  so  that 
the  coupling  between  the  model  space  and  the  remainder 
of  the  configuration  i  pace  (called  the  external  space) 
diminishes  to  a  desired  order.  One  important  feature 
of  the  MMFT-GVV  approach  is  that  If  the  perturbed  model 
space  wave  functions  are  exact  to  the  nth  order,  the 
corresponding  quasi-energy  eigenvalues  in  the  model 
space  will  be  accurate  to  the  (2n+l)th  order.  In  that 
regard,  it  is  interesting  to  note  that  the  RWA  is 
merely  the  lowest  order  (i.e.,  n  -  0)  limit,  namelv, 


model  space  wave  functions  correct  nnlv  to  the  zeroth 
order  and  eigenvalues  accurate  to  the  first  order. 
Furthermore,  while  the  PWA  can  onlv  deal  with  sequen¬ 
tial  one-photon  processes,  the  ^MFT-rvV  approach  is 
capable  of  treating  both  one-photon  and  multi  photon 
processes  on  an  equal  footing. 

The  MMFT-GVV  method  has  hpen  recently  applied 
successfully  to  a  unified  treatment  of  hoth  the  8|’(3> 
symmetries  and  symmetry-breaking  effects  of  dissipa¬ 
tion  less  three-level  systems  at  two-photon  resonances 
induced  by  intense  bichromatic  fields.*'  The  MMFT-cw 
technique  reduces  the  infinite-dimensional  time-inde¬ 
pendent  two-mode  Floquet  Hamiltonian  to  a  rhree-hv- 
three  (model  space)  effective  Hamiltonian,  from  which 
essential  analytical  properties  and  vivid  geometrv  of 
the  eight-dimensional  coherence  vector  are  revealed 
for  the  first  time.*'  Also  to  he  presented  are  the  new 
analysis  of  the  SU(3)  nonlinear  dynamics  and  coherent 
population  trapping  phenomena  of  diss 1  pat  1 ve  three- 
level  systems  using  the  newlv  developed  nonHermitian 
MMFT-CVV  formalism/ 
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TRANSITION  MATRIX  METHOD  FOR  MULTIPHOTON  IONIZATION  PROCESSES 
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A  transition  matrix  theory  is  developed  to  treat 
effects  of  electron  correlations  on  two-photon  ioniza¬ 
tion  transitions  in  closed  shell  atoms  and  ions  in  the 
Random  Phase  Approximation  (RPA).  The  theory  extends 
the  treatment  of  Chang  and  Fano1  for  single-photon  ion¬ 
ization  of  closed  shell  atoms.  The  electromagnetic 
field  interaction  is  treated  in  second  order  perturba¬ 
tion  theory  and  electron  correlations  of  the  RPA  type 
are  included  to  infinite  order.  Ground  and  excited 
intermediate  states  are  represented  by  a  sir  of  config¬ 
urations  having  a  pair  of  virtually  excited  electrons 
in  addition  to  the  ground  state  or  singly  excited  config¬ 
urations.  It  is  found  that  only  one-particle  functions, 
representing  certain  projections  of  excited  two- 
particle  wavefunctions,  need  to  be  calculated  for  the 
intermediate  state  in  order  to  describe  electron  corre¬ 
lation  in  the  RPA.  The  transition  matrix  equations  for 
the  unknown  single  particle  functions  in  the  intermedi¬ 
ate  and  final  states  are  derived  using  the  graphical 
method  of  Starace  and  Shahabi2.  The  summations  over 
intermediate  states,  including  the  continuum,  is  repre¬ 
sented  by  the  solution  of  an  inhomooeneous  set  of  equa¬ 
tions  for  the  effective  intermediate  state  by  the  well- 
known  Oalgarno-Lewis  method3.  Solutions  of  the  equa¬ 
tions  allow  one  to  obtain  non-resonant  two-photon 
ionization  cross  sections,  photoelectron  angular 
distributions,  etc. 

Two  photon  ionization  of  argon,  i.e. 

Ar  3o6  +  2-  ->  Ar  3p5(?P)  +  e‘  (:  *  1  and  3).  (1) 

will  serve  to  illustrate  the  theory.  Ue  choose  the 
following  configurations  for  the  final,  intermediate, 
and  initial  states  respectively: 

|f>  =  !3p5  ,f  ll>  (2a) 

■  >  |3p5  -d  'p>  +  3p5  ;d  *“  *P>  (2b) 

i  >  !3p6  1S>*  T  C(L'S');3p4(L'S');d  ^  !S>  (2c) 

L '  1> ' 

The  initial  state  correlation  functions,  jJ,  and  coeffi¬ 
cients,  C(L'S'),  can  be  calculated  using  the  multicon- 

4 

figuration  Hartree-Fock  code  of  Froese-Fischer  .  The 
use  of  an  average  function,  instead  of  functions 

dependent  on  L'S',  has  been  found  to  be  a  good 
5 

approximation  . 


The  dipole  matrix  element  for  process  (1)  is  calcu¬ 
lated  from  <  f ] 0 [ - >  ,  where  D  is  the  electric  dipole 
operator  and  |x>  satisfies5,6: 

(E.  +  w-H)  |>>  •D'i>,  (3) 


where  E^  is  the  initial  state  energy,  _  is  the  photon 
energy,  and  H  is  the  system  Hamiltonian.  The  matrix 
element  <f|D|i>  depends  on  the  unknown  functions 
(i  =  1  or  3),  ip  1 »  and  '.6>.  In  the  simple  repre- 

Q  u  <1  *. 

sentaLicn  of  states  in  (2),  i!  is  a  HF  continuum  wave 
\ 

function  and  ».  and  iv>  are  obtained  from  a  pair 

Q  a  «.  t  , 

of  uncoupled  transition  matrix1  equations  derived  by 
integrating  the  commutator  relation. 


CH,|f  >  <x|3  =  o|f  >  <  ■  ;  +  'f  >  <  i  !D,  (4) 


over  the  N-l  coordinates  of  the  non-interacting 
electrons . 
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Tne  excited  state  pnotoioni zation  process  is  a 
major  energy  transfer  mechanism  in  laser  isotope  sepa¬ 
ration  processes  and  gas  laser  discharge  tuDes.  A 
recent  investigation  shows  that  tne  profiles  of  the  Ne 
(ns',  J  =  1 )  autoionizing  resonances  vary  witn  the  char¬ 
acter  of  tne  Ne  (2p53p,  J= 1 )  state  from  which  the 
resonance  is  excited  wnereas  tne  resonance  widtn  is 
constant.1  An  analytic  expression  for  tms  process  is 
given  here  which  accounts  for  all  the  ohserved 
features. 

In  contrast  witn  the  closed  shell  ground  state  of 
Ne,  tne  excited  p  electron  nas  alternative  ways  to 
couple  with  the  doublet  fine  structure  core 
i?p5(  2P  1/2,  3/2)  t0  fon"  tw0  ser'es  with  J  =  l.  Tne 
cnannel  interaction  Detween  these  two  series  of 
Rydberg  states  nas  caused  tne  two  lowest  3p  levels  to 
depart  from  pure  *P  and  3D,  IS  coupled  eigenstate.2 
Tne  cnannel  interaction  Detween  tne  two  s-channels  is 
also  well  known.3  Taxing  into  account  cnannel 
interactions  in  Doth  lower  and  upper  state,  tne 
photoionization  cross  section  of  tne  np  to  n's' 
transition  can  be  expressed  as, 


“(E)  «  2(  E-E  )  1^-) 
dT  '  '  ondv2Js 


(I  11/2v13/2sinii(v2-v1).H21f2v23f2sin,(v2.;2)(^ip2)noj2 


'dj_  ,  fd( -v,  )  ■ 


where  — L  and  f  1 ~  Li]  represent  the  slope  of  tne 
kd  v2  3  ^  a  v2  np 

eigenpnase  shift  for  s'  autoionizing  resonances  and 
slope  of  the  quantum  defect  for  p-channels 
respectively.  The  eigenphase  shift  »t  representing 
the  electron-ion  short  range  scattering  effect  is 
extracted  from  tne  discrete  energy  levels  of  the  s- 
series.u  The  slope  of  the  eigenpnase  shift  *t  at  the 
position  of  tne  resonance  measures  tne  widtn  r  of  trie 
resonance  profile.  v1  and  v2  are  effective  quantum 
numbers  relative  to  tne  ionization  limits  Zp5(2P,/2) 
and  2p5(2R1/2)>  respectively.  I ,  and  I2  are  intensity 
factors  independent  of  energy.  The  values  Oj  and  v2 
determine  that  effective  quantum  numDer  v2  where  tne 
oscillator  strength  is  zero.  Equation  (1)  nas  a 


general  feature:  tne  effect  of  final  state  cnannel 
interaction  is  factored  out  in  terms  of  the  slope  of 
tne  phase  shift  which  measures  tne  widtn  of 

tne  resonance,  and  is  independent  of  tne  properties 
of  the  lower  state.  It  has  the  following  special 
consequences:  If  tne  autoionizing  state  is  excited 
from  a  pure  singlet  state  only  the  singlet  final 
state  is  excited,  since  transition  to  a  triplet 
state  is  forbidden.  This  corresponds  to 


i“ - H-j  >>  1 

1  0  u2  'p 

Equation  (1)  simplifies  to 

^-(E)  2  2(E-E0)(^)S  I2  sin2MVV 

We  expect  an  autoionizing  profile  with  zero  oscillator 
Strength  at  v2  =  1-u^i,  where  is  the  quantum 
detect  of  the  'P,  and  a  broad  wing  extending  to  tne 
blue.  If  tne  lower  level  is  a  triplet  state,  tnen 
triplet  state  is  excited.  Tnis  corresponds  to 

L-.L~ ’  V  j  2  0  in  Equation  (1).  Zero  oscillator 
2 

strength  is  now  expected  at  v2  =  1-p  2  and  a  broad 
wing  to  extend  to  the  red.  It'  the  exciting  level  nas 
a  mixed  singlet-triplet  character,  Doth  terms  in 
Equation  (1)  are  important.  We  then  expect  tne 
profile  to  depart  from  the  aDove  special  cases,  whicn 
is  in  agreement  witn  the  observations.1 

The  excited  state  dynamics  of  the  electron-ion 
system  described  Dy  Equation  (1)  is  expressed  in  terms 
of  quantum  defect  parameters,  tne  eigen  quantum  defect 
Pa,  tne  mixing  angle  0,  and  the  dipole  transition 
amplitude  Da.  These  parameters  are  known  for  both 
upper  s-  and  lower  p-channe I  s  .2  ’3  Therefore,  the 
whole  sequence  of  n's'  autoionizing  resonance  witn 
varying  lower  state  np  can  be  evaluated.  A  detailed 
comparison  witn  data  is  subjected  to  further 
experimental  measurements. 
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1-5 

Experiments  on  multiphoton  ionization  of  rare 
g  rises,  especially  under  large  laser  intensities,  have 
generated  .1  wealth  of  data  on  various  aspects  of  the 
process.  Xe  in  particular  has  received  considerable 

1  -> 

attention  in  studies  of  multi photon  ionization  , 

mult  i p I*-‘-mul  t  i photon  ionization,  as  well  as  above 
3.4.5 

threshold  ionization.  Yet  the  theory  of  these 

process  in  rare  gases  other  than  He  is  virtually 

non-existent .  In  fact,  except  for  an  early 
* 

calculation'  of  ?-pheton  ionization  of  Ar,  to  our 
knowledge,  there  are  no  calculations  on  these 
processes . 

In  view  of  the  ,-xper imental  interest  in  these 
atoms,  we  have  undertaken  a  systematic  theoretical 
study  of  multiphotcn  processes  in  rare  gases  beginning 
with  Xe  and  Kr.  We  have  formulated  at  first  2 -  to 
4-photon  ionization  of  these  atopis,  including  the 
region  of  autoionization  that  is  known  to  exist  between 
the  two  thresholds.  The  objective  is  to  calculate 
multiphoton  iorization,  autoionizatior.,  photoelectron 
angular  distributions,  double  ionization,  as  well  as 

wave-mixing.  Particular  attention  is  to  be  paid  to 

2 

transitions  involving  the  .ns’  subshell  below  the  outer 

6  7 

np  subshell.  Experiments  by  Rhodes  et  al.  have  shown 

that  such  transitions  play  a  significant  role  in 

multiple  ionization  as  well  as  wave-mixing. 

In  this  paper  we  present  results  on  Xe.  The 

calculation  is  based  on  multichannel  quantum  defect 

g 

theory  as  employed  by  Lu  in  the  analysis  of  Xe.  We 
obtain  wavefunct ions  by  using  the  Lu-Fano  plots.  The 
summations  over  intermediate  states  are  for  the  moment 
performed  by  truncating  the  series.  As  of  the  writing 
of  tnis  abstract,  we  have  obtained  3~photon  ionization 
cross  sections  through  and  including  the  autoionizing 

region.  The  total  generalized  cross  section  has  been 

“80  —79 

found  to  be  In  the  range  of  10  to  10  cm6  sec2. 
Substantial  structure  has  been  found  between  the  P^£ 
and  thresholds.  Autoionizing  peaks  show  certain 


periodicity  whose  origin  can  be  traced  to  the  structure 
of  the  Lu-Fano  plots.  Many  of  these  peaks  are  quite 

narrow,  and  it  is  doubtful  that  they  would  have  been 

9 

seen  in  single-photon  ionization  experiments.  Our 
calculation  includes  J=3  states  and  resonances,  but  so 
far  we  have  found  that  they  are  dominated  by  the  J-1 . 

We  do  not  expect  this  to  be  a  general  feature  of  this 
process  in  Xe  but  rather  a  circumstantial  result  due  to 
the  energy  and  frequency  range  of  our  calculation  up  to 
this  point.  Angular  distributions  of  the  photoelectrons 
well  as  4-photon  transitions,  including  one  above 
threshold,  will  be  reported. 

From  the  results  of  our  calculations  so  far,  it  is 
clear  that  detailed  experiments  are  necessary  as  further 
guidance  for  the  theory  of  these  complex  processes  in 
such  complicated  systems. 
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AN  L2  QUANTUM-DEFECT  TREATMENT  OF  MULTIPHOTON  IONIZATION 
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Introduction 

Recent  exper iments1  measuring  multiphoton  ionization 
of  atoms  demand  a  theoretical  interpretation  more  so¬ 
phisticated  than  can  be  provided  by  simple  traditional 
perturbation  theory.  While  the  very  existence  of  >  if- 
resonant  and  free-free  transitions  indicate  a  strong 
perturbation  of  the  atom  at  high  laser  intensities,  a 
correct  treatment  of  the  field  broadening  and  shifting 
of  near-resonant  transitions  through  Rydberg  states 
already  requires  a  non-perturbat ive  approach  even  at 

moderate  field  strengths.  Here  we  present  a  Floquet 

2 

formulation  using  a  special  L  basis  for  the  radial 
electronic  degree  of  freedom  to  generate  an  efficient 
algorithm  for  computing  multiphoton  ionization  of  atoms. 

Floquet  Formalism' 

By  including  the  photon  number  operator,  N,  the 
total  Hamiltonian  for  an  atom  in  a  field  of  a  single 
f  requency, 

-  *  2 
H  =  H  +  Nu,  +  A  •  p  ♦  A 

atom 

becomes  time-independent  to  allow  evaluating  the  time 
evolution  of  an  atomic  bound  state  hit  by  the  laser  at 
t  =  0  as  the  Laplace  transform  of  the  time-independent 
resolvent  of  H.  In  this  dressed  state  picture  in  a  Hil¬ 
bert  space  spanned  by  products  of  atomic  with  photon 
number  states,  the  ionization  process  can  be  pictured  as: 


ground 

state 

♦2 

photons 


Rydberg 

ser  fee 

+  1 

photon 


free 

state 

+0 


photons 


which  closely  resembles  the  traditional  description 
of  the  autoionization  of  a  Rydberg  state  perturbed  by  a 
single  interloper,  albeit  with  the  especially  long-ranged 
dipole  coupling.  The  +2,  1  and  0  in  the  figure  designate 

photon  number  differences  from  the  well  defined  and  large 
average  photon  number  of  the  coherent  field.  To  achieve 
accurate  results,  we  included  photon  number  one  higher 
and  one  lower  to  account  for  the  Stark  shifts  of  the 
states  of  interest. 

L^-Basis  Expansion 

As  reported  in  the  perturbation  calculation  of  Ref. 3 

representing  the  Coulomb  spectrum  analytically  in  a 
2 

special  Laguerre-Slater  L  basis  allows  efficient 
extrapolation  to  completeness  of  free-free  transitions 
as  well  as  economical  expansion  of  the  bound  states. 
Moreover,  the  Pade-approximant  extrapolation  used 
defines  an  analytic  continuation  to  slightly  negative 
energies  to  reveal  the  quantum-defect  perturbation  of 
the  Rydberg  states  caused  by  the  A  *  p  part  of  H.  This 
means  that  the  broadening  of  the  Rydberg  series  into  a 
quasi-continuum  is  caused  solely  by  the  Rabi  oscillations 
to  the  ground  state  and  not  by  ionization. 

Resu Its 

Test  results  are  presented  for  the  two-photon  ion¬ 
ization  of  a  one-electron  atom  near  the  threshold  for 
single-photon  ionization.  Extension  to  many-e 1  eel ron  at«>ms 
by  representing  the  hound  states  of  interest  of  the  ionic 
core  in  a  Slater  basis  is  conceptually  straightforward. 
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SCATTERING  AMPLITUDES  BY  MEANS  OF  THE  COMPLEX  COORDINATE  METHOD. 

COMPTON  SCATTERING  AND  TWO-PHOTON  IONIZATION 
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Department  of  Quantum  Chemistry,  Uppsala  University,  Box  518,  S-75120  Uppsala,  Sweden 


The  serious  problem  of  theoretical  spectroscopy  is 
that  the  cross  sections  are  based  on  the  expressions  of 
the  formal  scattering  theory,  which  are  highly  singular 
and  computationally  untractable.  The  present  work  explores 
a  way  to  harness  the  singular  nature  of  these  expressions, 
and  to  give  them  an  explicit  and  computationally  tractable 
meaning. 

The  inelastic  scattering  of  photons  and  electrons  on 
atomic  targets  is  conveniently  characterized  in  terms  of 
the  so  called  Bethe  surface  /l/ ,  which  gives  the  depen¬ 
dence  of  the  cross  section  on  energy  and  momentum  trans¬ 
fers. 

We  report  the  possibility  of  calculating  the  (first- 
order)  Bethe  surfaces  and/or  higher  order  scattering  am¬ 
plitudes,  by  a  method  based  on  the  L?  discretization  of 
the  continuum,  implemented  within  the  complex  coordinate 
method  (CCM)  /2/,  and  without  explicit  calculation  of  the 
final  continuum  states. 

The  (first  order)  transition  amplitude  controlling 
the  Bethe  surface  (here  for  Compton  scattering)  is  calcu¬ 


lated  as  /3/: 


with  Q( R)=e1  Kr,  K=kj-S2,  E^Huj-Ht^,  6=dilation  angle. 


The  second  order  transition  amplitude  (here  for  two- 
photon  ionization)  is  calculated  as  /4/: 


with  Vfl  being  the  dipole  operator.  In  both  cases  only  the 


-40  -JO  -20  -10  00  10  20  30 
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ground  state  and  square  integrable  functions  are  used. 

The  CCM  facilitates  the  infinite  summation/integration 
over  intermediate  states,  and  the  mumerical  effort  is  re¬ 
duced  to  diagonalization  of  the  matrix  representing  the 
complex  dilated  Hamiltonian  of  the  target: 

H(G)C;=  t;c:  ,  if/  lhc;  ■  e;  *  complex 

Test  calculations  employing  the  hydrogenic  target  are 
presented  below.  The  isoenergetic  cuts  through  the  Bethe 
surface  for  Compton  scattering  reveal  the  Bethe  ridge  (and, 
consequently,  the  Compton  profile).  One  can  also  study  the 
Compton  defect  -  deviations  of  the  position  and  shape  of 
this  profile  with  respect  to  predictions  of  the  sudden-im¬ 
pulse  approximation.  Such  deviations  are  significant  at 
low  energy  transfers,  and  close  to  the  ionization  thresh- 
hold  { E= 1 . 0  Ry)  the  Compton  peak  ceases  to  exist. 

The  two-photon  ionization  spectrum  shows  very  good 
agreement  with  the  exact  analytical  /5/  and  Floquet  /6/ 
calculations,  and  is  extended  to  the  near-threshold  re¬ 
gion,  where  the  exact  results  have  not  been  reported. 

The  present  approach  is  very  straightforward,  yet  it 
gives  the  beyond  sudden- impul se  approximation  results  in 
a  non-analytical  way,  by  an  atomic  s’ructure  calculation 
which  is  applicable  to  many-electron  atoms. 
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THEORY  OF  FREQUENCY  CONVERSION  BY  MULT  WAVE  RAMAN  PROPAGATION* 
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The  propagation  through  a  Raman  medium  of  a  pulse 
with  several  frequency  components  u^-uig+nug,  where  <qj 
is  the  initial  laser  frequency,  and  ug  is  the  frequency 
of  the  Raman  transition  of  the  molecules  of  the  medium, 
is  a  complicated  process.  A  complete  theory  must 
simultaneously  treat  the  pulse  propagation  with 
Maxwell's  wave  equation,  and  the  two-photon  induced 
molecular  transitions  with  Schroedlnger's  equation. 
Recent  experiments  have  demonstrated  the  practical 
value  of  the  process  as  a  means  for  frequency  conver¬ 
sion.  Efficient  conversion  has  been  observed  in 
into  modes  as  high  as  k-8.  However,  existing  theore¬ 
tical  models  predict  a  conversion  efficiency  several 
orders  of  magnitude  too  low.  We  have  developed  a 
theory  chat  Includes  the  full  nonlinear  response  of  the 
(two-state)  molecules,  and  present  preliminary  results 
that  exhibit  very  high  conversion  efficiencies. 

We  consider  the  one  dimensional  Maxwell's  wave 
equation  for  an  electric  field  of  the  form 

,  i<*>_(t  -  */c) 

e(z,t)  -  -  l  E  (r,t)  e  +  c.c.  (1) 

n 

The  field  amplitudes  En  satisfy1** 


aE 

_ n 

az 


—  “n  [<*  ■fcM  -  ^  En-1  ] 


(2) 


where  1*  the  transition  polarlzabilty  (assumed 

independent  of  frequency) ,  p  is  the  number  density,  p 
is  related  to  the  components  (u,v,w)  of  the  Bloch  vec¬ 
tor  by  p-  (v-iu)/2,  where  0  is  defined  below,  and 

the  time  t  is  replaced  by  the  retarded  time  T-t-z/c. 
The  Bloch  equations  may  be  formulated  using  a 
two-photon  Rabi  frequency 

Q(*,t)  e  -  (<x12/h)  l  En  E*_j  (3) 

n 


H-WK4 

HOUSE  >  SAMAN  FAEOUENCY  CONVESSION  IN  H, 


The  initial  conditions  of  the  pulse  are  as 
follows:  5  mJ  in  the  pump  laser  and  1  mJ  in  the  first 
Stokes  are  focussed  to  a  beam  area  of  10_*  cm*.  The 
FWtti  of  the  pump  is  4  nsec;  the  FWtM  of  the  Stokes  is  2 
nsec,  and  the  Stokes  pulse  is  displaced  2  nsec  from  the 
pump  toward  the  leading  edge  of  the  pulse.  This 
results  in  a  4.32x  pulse.  The  Stark  shift  is  Included, 
and  relaxation  times  are  assumed  to  be  long  compared  to 
the  pulse  length.  We  have  calculated  the  fraction  of 
the  total  initial  energy  that  Is  converted  to  several 
higher  order  modes  as  a  function  of  the  distance  of 
propagation  of  the  pulse  in  units  of  the  characteristic 
distance  L,  which  is  approximately  1.1  cm  divided  by 

IQ  _1 

the  density  In  amagatt  (1  amagat  *  2*7  x  10  cm  J). 


that  satisfies 

fy  (Qe10)  -  -  j;  [F(t)  2+  aU.r)2]  ’  3(r,r)  (4) 

where  the  characteristic  length  L>c/(4na^2Pug),  and 
F(r)  is  determined  from  the  initial  conditions.  Elmerl 
et  al.1  used  a  perturbation  solution  for  3.  We  have 
obtained  fully  numerical  solutions,  and  present  in  the 
figure  the  results  of  a  preliminary  calculation. 
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A  diatomic  molecule  in  dense  medium  is  shown  to 
exhibit  bistable  and  chaotic  behavior  when  driven  by  an 
IR  laser  field. Two  models  have  been  analyzed  tor  such 
benavior:  A  classical  Morse  oscillator  and  a  quantum 
an-narmonic  oscillator.  The  third  model  of  a  quantum 
Morse  oscillator  based  on  an  SU  (2)  algebra  is  being 
investigated.  We  discuss  each  of  these  models  below. 

For  a  damping  constant  and  driven  field  amplitude 
simulating  an  Hf  qas  irradiated  by  an  iR  laser  under  a 
high  pressure  condition,  we  show  by  solving  the  class¬ 
ical  equation  for  a  Morse  oscillator1 ,  that  bistability 
exists  tor  a  large  range  of  driven  frequency.  For  a 
larger  damping  constant  simulating,  for  example,  an 
admolecule  on  a  solid  surface.  We  have  determined  the 
bistable  domain  as  a  function  of  field  frequency  and 
amplitude,  periodic  solutions  have  been  found  for  Doth 
the  upper  and  lower  branches  and  their  relative  stab¬ 
ilities  determined  oy  calculating  the  Lyapunov  expon¬ 
ents.  Solutions  of  both  branches  go  through  an  infin¬ 
ite  sequence  of  period-doubling  bifurcations  leading  to 
chaotic  behavior  as  we  vary  the  driven  frequency  grad¬ 
ually.  Tne  two  chaotic  regions  do  net  occur  in  the 
same  frequency  range. 

Similar  bistable  behavior  has  been  found  in  analy¬ 
zing  a  quantum  statistical  model  of  an  anharmonic  os¬ 
cillator  in  contact  with  a  reservoir2”1.  But  in  this 
model  both  the  upper  and  lower  branenes  are  stable. 

When  an  amplitude  modulation  of  the  driven  field  is 
introduced,  the  periodic  solution  or  the  upper  branch 
goes  through  a  sequence  of  period-doubling  bifurcations 
leading  to  cnaos  as  the  modulation  frequency  varies. 

We  have  determined  the  bifurcation  diagrams  tor  this 
branen  and  calculated  tne  Lyapunov  exponents  for  this 
sequence.  A  strange  attractor  in  the  chaotic  domain 
has  been  examined  by  taking  Poincare  surfaces  of  sec- 

4 

tion  on  a  series  on  12  cutting  planes. 

In  order  to  answer  the  question  whether  a  quantum 
Morse  o.cillator  behaves  differently  from  a  correspond¬ 
ing  classical  one,  we  nave  carried  out  a  stuay  of  a 
quantum  Morse  oscillator  in  contact  with  a  reservoir. 

The  Hamiltonian  of  a  Morse  oscillator  can  be  expressed 
in  terms  of  generators  of  an  bU(2)  algebra.®  Tne 
reservoir  is  modelled  by  a  oath  of  harmonic  oscillators. 
Its  dissipative  contributions  to  the  Morse  oscillator 
have  been  derived  and  expressed  as  irreversible  terms 
in  a  Liouvi 1 le-von  Neumann  equation.®  Dynamical 
behavior  of  such  a  driven  damped  system  is  unoer 


investigation. 
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PHOTOABSORPTION  OP  EXCITED  MOLECULES  :  MANIFESTATIONS 
OF  COOPER  MINIMA  IN  THE  SPECTROSCOPY  OF  RYDBERG  STATES 
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The  existence  of  zeros  of  dipole  matrix  elements. 

Known  as  Cooper  minima,  is  well-known  from  photoionization 
of  atouB.1  The  conditions  for  their  appearance  are  quite 
restrictive  for  ground  state  atoms  but  much  less  so  for 
atoms  or  molecules  which  have  been  prepared  in  an  excited 
state.2  In  many  current  experiments  molecular  Rydberg 
states  near  threshold  are  excited  by  optical-optical 
double  resonance,  in  a  two-step  excitation  process  via  a 
low  Rydberg  state.  Examples  include  the  NO,  Na2,  U2  and 
H2  molecules. 3*6  We  have  initiated  a  theoretical  study  of 
the  Rydberg-Rydberg  dipole  transition  moments  in  order  to 
ascertain  whether  some  of  the  unexpected  observed  features 
could  be  traced  back  to  strong  energy  variations,  and  in 
particular  to  the  occurrence  of  zeros  in  the  relevant 
dipole  amplitudes. 

The  manifestations  of  Cooper  minima  in  molecular 
Rydberg  spectra  are  not  obvious  because  of  the  high  number 
of  Rydberg  channels  and  since  nuclear  and  electronic 
motion  are  strongly  coupled.  The  interpretation  of  such 
spectra  is  best  handled  by  multichannel  quantum  defect 
theory  (KQOT)7,  a  key  element  of  which  is  the  descrip¬ 
tion  of  the  radial  motion  of  the  Rydberg  electron  outside 
the  core  in  terms  of  phase-shifted  Coulomb  wavefunctions . 

In  the  spirit  of  Bates  and  Damgaard®  we  evaluate  the 
dipole  amplitudes  between  Rydberg  states  numerically  in 
terms  of  the  same  phase-'hifted  Coulomb  functions  which 
underlie  the  quantum  defect  treatment. 

As  an  example  we  present  the  calculation  of  the 
transition  moments  corresponding  tn  excitation  of  high 
Rydberg  levels  nso,  ndo,  ndn,  nd6  (nX’O)  of  Naj.  Labastie 
et  al.^  have  studied  these  states  exrerimental ly  by 
pumping  the  3pc  A  state  of  Na^.  They  observed  the  appear¬ 
ance  of  striking  "fringes"  which  stand  out  from  the  other¬ 
wise  blurred  Rydberg  pattern  at  regular  intervals.  While 
the  fringe  effect  could  be  accounted  for  readily  within 
the  existing  MQDT  framework,  it  required  the  assumption 
of  substantially  reduced  dipole  transitions  ns'--3p-  and 
ndo-3pcas  compared  to  nd*-3pc.^ 

Fig.  1  demonstrates  that  the  fringe  effect  is  indeed 
related  to  a  minimum  in  the  so  and  do  excitations.  At  the 
top  are  plotted  the  squared  radial  dipole  integrals 
involving  ns  and  nd  states  as  functions  of  the  quantum 
defects.  The  observed  quantum  defects  from  Ref.  4  are 
indicated  by  arrows  :  it  can  be  seen  that  sc  and  dc  fall 
near  a  minimum  while  dm  does  not.  At  the  bottom  is  shown 
a  section  of  the  observed  spectrum  corresponding  to  the 
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first  fringe,  together  with  rotational  line  intensities 
calculated  by  MQDT  :  the  spectral  concentration  of 
intensity  owing  to  absence  of  s  and  d  lines  is  evident. 
We  expect  to  show  that  Cooper  minima  are  at  the  basis 
of  a  variety  of  phenomena  observed  in  molecular  multi¬ 
photon  spectra. 
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ROTATIONALLY  RESOLVED  THREE -PHOTON  IONISATION  OF  Bi2 
STUDIED  IN  THE  GASPHASE  AND  IN  A  MOLECULAR  BEAM 

B.  Biihler  ,C.Cremer,G.  Gerber ,  J.  Janes 
Fakultat  fur  Physik,  Universitiit  Freiburg,  F.R.G. 


Multiphoton  excitation  and  ionization  is  used  to 
study  atomic  and  molecular  bismuth  in  the  gas  phase 
and  in  a  molecular  beam.  Pulsed  dye-lasers  pumped 
by  3  ns  pulses  of  a  N--laser  are  employed  for  the 
experiments.  Survey  spectra  are  obtained  with  a 
grazing  incidence  type  dye-laser  of  0.1-0. 2cm-' 
bandwidth  while  for  high  resolution  studies  an  . 
oscillator-amplifier  dye-laser  system  with  0.01cm-1 
bandwidth  is  used.  The  different  processes  are  de¬ 
tected  by  measuring  the  fluorescence  from  excited 
states  and  the  ionization  signal  with  a  thermionic 
diode  in  the  gas  phase  experiments  or  by  measuring 
the  mass-selected  ion  signal  with  the  Time-of-Flight 
method  in  a  molecular  beam. 

The  analysis  of  Rydberg  series  of  Bi,  excited  by 
two-photon  dissociation  of  Bi-  followed  by  one- 
photon  excitation,  gives  an  improved  value  for  the 
atomic  ionization  energy  of  E=5S761 .7t0.1cm"'  (1). 

A  lower  threshold  energy  for  the  dissociative 
ionization  of  Bi-  is  determined  from  wavelengths 
dependent  three-  and  four-photon  ionization  spectra 
of  Bi  and  Bit  (2). 

The  ionization  of  Bi-  is  studied  by  various  one 
colour  and  two  colour^multiphoton  experiments.  In 
these  experiments  we  observed  an  interesting  three- 
photon  ionization  process  where  we  were  able  to  re¬ 
solve  the  rotational  structure  in  the  ion  signal 
from  the  band  head  up  to  J»200  as  shown  in  fig.1. 

For  this  specific  ionization  process  we  find  a  re¬ 
markable  difference  in  the  ionization  probability 
for  P(AJ=— 1)  and  R(AJ=+1)  transitions  involving 
higher  J  values.  Figs. 2a  and  2b  show  high  resolution 
scans  of  parts  of  the  ionization  spectrum.  The  P 
and  R  lines  overlapping  in  the  region  of  the  band 
head  are  completely  resolved  for  higher  J.  Their 
intensities  are  comparable  up  to  J»80.  But  for  even 
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Fig.1  Three-photon  ionization  spectrum  of  Bi^ 

higher  J  the  P  line  intensity  slowly  decreases  while 
the  R  line  intensity  increases  until  the  R  line  i.3 
about  ten  times  more  intense  than  the  P  line.  This 
is  shown  in  fig. 2b.  The  analysis  of  the  energies  of 
the  resolved  rotational  lines  show  that  they  belong 
to  the  v'*37-v"=A  band  of  the  A(3nQu)-X(,lJ)  transi¬ 
tion  of  Bi-  and  that  they  represent  the  first  exci¬ 
tation  step  as  shown  in  fig. 5.  The  ionization  pro¬ 
cess  involving  this  excitation  step  proceeds  via 
a  two-photon  transition  from  the  AC3'"'^  state  to 
the  Jrivjground  state  of  Bi$.  The  rotational  levels 
of  an  excited  electronic  fetate  3Ig are  energetically 
close  to  the  virtual  intermediite  states.  The  rela¬ 
tive  change  of  P  and  R  line  intensities  is  there¬ 
fore  mainly  due  to  the  varying  energy  defect  Auj  in 
the  two-photon  transition  matrix  element  since  the 
K-dependent  splitting  of  rotational  levels  F..  and 
F,  (of  3In)  change  in  a  manner  that  Au>  g»ts  larger 
for  P  transitions  while  Am  in  r«duc»i  for  R  transi¬ 
tions.  The  relative  intensities  further  depend  on 
the  different  rotational  line  strengths  for  P  and 
R  transitions  between  a  state  and  a  3Iq-state(l). 

The  ionization  energy  of  Bi-  determined  from 
multiphoton  experiments  isE>  r')OGO*PCCem  1  . 


Fig. 2a  Rotational  resolved  band  head  of  the 
v'=37-v’=4  transition  of  Bi^  (A-X) 
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Fig. 2b  Tart  of  the  ionization  spectrum  showing 
strongly  different  P  and  R  intensities 
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RESONANTLY  ENHANCED  MULTI PHOTON  IONIZATION  AND  PHOTOELECTRON  SPECTROSCOPY 
OP  NeXe,  ArXe,  KrXe,  AND  Xe2 

P,  M.  Dehmer,  J.  L.  Dehmer,  and  S.  T.  Pratt 

Argonne  National  Laboratory,  Argonne,  Illinois  60439  U.S.A. 


Resonantly  enhanced  multiphoton  ionization  (REMPI) 
spectra  of  NeXe,  ArXe,  KrXe,  and  Xe2  were  obtained  in 
the  wavelength  region  corresponding  to  two  photon 
transitions  from  the  atomic  Xe  ground  state  to  the  Xe* 
5d  and  6p  states.  The  spectra  were  obtained  using  an 
apparatus  that  combines  an  unskimmed,  cw  supersonic 
molecular  beam  source  with  both  a  time-of-f light  mass 
spectrometer  and  an  electrostatic  electron  energy 
analyzer.  Several  new  progressions  of  vibronic  bands 
were  observed  for  all  four  rare  gas  van  der  Waals 
molecules.  These  bands  arise  from  two  photon,  bound- 
bound  transitions  from  a  ground  electronic  state  to 
various  resonant  intermediate  levels,  and  are  detected 
by  single  photon  ionization  of  the  excited  state. 
Because  two  photon  transitions  from  the  ground  state  of 
Xe2  access  states  of  gerade  symmetry,  none  of  the 
homonuclear  bands  have  been  observed  in  earlier  single 
photon  absorption  studies,  although  a  small  number  of 
the  heteronuclear  dimer  bands  were  observed  previously 
by  Castex.1  The  KrXe  bands  observed  to  the  red  of  the 
atomic  Xe  6p[5/2)2  transition  are  shown  in  Figure  1. 


LASER  WAVELENGTH  (A) 

FIGURE  I.  The  two  photon  resonant ,  three  photon 
ionisation  spectra  of  KrXe. 

We  have  also  obtained  the  photoelectron  spectra 
(PES)  of  ArXe,  KrXe,  and  Xe2  without  interference  from 
either  atomic  or  (In  the  case  of  the  heteronuclear 
diners)  homonuclear  diner  photoelectron  peaks  by  using 
REMPI  to  selectively  ionize  the  van  der  Waals  nolecule 
of  interest.  The  photoelectron  spectra  of  ArXe  and  KrXe 
are  the  first  such  spectra  of  a  heteronuclear  rare  gas 
diner  obtained  by  any  technique.  The  REMPI-PES  of  KrXe 
obtained  at  the  wavelength  of  the  (0,0)  band  In  Figure  1 


is  shown  in  Figure  2.  The  REMPI-PES  of  Xe2  were 
recorded  at  a  number  of  wavelengths  and  the  relative 


ELECTRON  KINETIC  ENERGY  (eV) 

FIGURE  2.  The  photoelect roo  spectra  of  KrXe  following 
REMPI  vis  the  (0,0)  band  of  Figure  1. 

intensities  of  different  electronic  states  of  Xe2*  are 
strongly  dependent  on  the  resonant  Intermediate  level, 
thus  providing  information  on  the  electronic  character 
of  that  level.  In  addition,  the  absence  of  photo- 
electrons  from  atomic  Xe  allows  the  first  observation  of 
photoelectron  peaks  corresponding  to  the  weakly  bound 
C  2a3/2u  an<1  D  ^“|/2g  «l«ctronlc  states  of  Xe2*,  thus 
providing  lower  limits  for  the  dissociation  energies  of 
these  states. 

Some  of  the  rare  gas  dimer  bands  lead  primarily  to 
the  formation  of  the  corresponding  dimer  ion,  while 
others  lead  almost  entirely  to  the  formation  of  Xe4. 

The  PES  show  that  the  Xe*  formation  results  from  the 
predissociation  of  the  intermediate  level  followed  by 
photoionization  of  the  excited  atomic  fragment,  for 
example  in  Figure  2,  KrXe*  ♦  Kr  ♦  Xe*  ♦  Kr  ♦  Xe*  +  e. 

The  PES  allow  the  determination  of  the  dissociation 
limits  of  the  predissociating  states,  providing  new 
information  on  the  potential  curves  of  the  rare  gas 
dimers. 

This  work  was  supported  by  the  U.S.  Department  of 
Energy  and  the  Office  of  Naval  Research. 
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MULTIPBOTON  IONIZATION  OF  BENZENE,  VINYLCHLORIDE 
AND  TRIFLUOROETHYLENE  AT  193  NM 
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Several  large  polyatomic  molecules  are  known  to 

have  large  multiphoton  ionization  (MPI)  yields  at  exci- 
oer  laser  wavelengths.  MPI  cross  sections  can  be 

extracted  from  experimental  yield  data  when  the  photo¬ 
dynamics  of  the  intermediate  state  in  the  case  of 

resonant  MPI  is  known.  Such  cross  sections  are  the 

transferable  parameters  describing  the  multiphoton  pro¬ 
cess  under  a  variety  of  experimental  conditions  and  are 
therefore  highly  desirable  for  a  consistent  description 
of  MPI. 

We  report  quantitative  measurements  of  relative 
fractional  ion  yields  of  benzene  (C^H^)  at  248  and 
193  nto,  from  wlch  absolute  ion  yields  and  cross  sec¬ 
tions  for  the  193  nm  two-photon  resonant  MPI  process 
were  derived  using  a  recently  completed  study  of  the 
absolute  ion  yield  at  248  nm  [BE85).  The  measured 
relative  ion  yields  for  vinylchloride  (02^3^!)  and 
trif luoroethylene  (C2F3H)  at  193  nm  were  then  put  on  an 
absolute  basis  using  benzene  as  the  standard  at  193  nm. 

The  MPI  spectra  were  obtained  in  a  time-of-f light 
(TOF)  mass  spectrometer  which  was  designed  to  allow  the 
interaction  of  a  collimated  laser  beam  with  the  plume 
of  a  gas  expanding  in  a  free  jet.  The  mass  spectrum 
was  calibrated  with  the  photofragment  ions  of  the  cited 
compounds  in  a  tightly  focussed  beam  geometry. 

The  salient  features  of  the  mass  spectrum  at 
around  1.0  *  106  W/cm2  are  the  following: 

For  benzene  at  248  nm  only  the  molecular  ion  at 
a/e* 78  was  found.  At  193  no  m/e*78,  64,  52  and  39 
corresponding  to  C^H^+,  C^H^+  and  C3H3  were 

detected.  The  power  dependence  for  the  molecular  ion 
as  well  as  for  the  fragment  ions  was  found  to  be  a 
quadratic  function  of  the  laser  power. 

The  resonant  MPI  for  vinylchloride  at  193  nm 
resulted  only  in  the  presence  of  riCl+  at  m/e-36  and 
38.  No  parent  molecular  ion  could  be  detected  ana  the 
HC1+  signal  had  a  cubic  dependence  on  laser  power. 

The  resonant  NPl  for  trif  luoroethylene  at  193  nm 
resulted  in  the  presence  of  m/e»32  corresponding  to 
CHF+,  which  also  had  a  cubic  dependence  on  laser 
power.  The  parent  molecular  ion  at  m/e«82  could  not  be 
detected. 


The  ratio  of  the  ionization  yield  C  for  beazene  at 
248  and  193  nm  is  given  in  equation  (1),  from  which  it 
is  apparent,  that  the  ion  yield  at  193  nm  is  substant¬ 
ially  smaller  than  at  248  nm. 

C^Bz/C^Bz"54,7  U) 

This  result  can  be  understood  on  the  basis  of  a  signi¬ 
ficantly  shorter  lifetime  for  the  one  photon  excited 
molecular  system  at  the  shorter  wavelength.  From 
relative  ionization  yield  experiments  with  vinyl- 
chloride  (VC1)  and  trif luoroethylene  (TFE)  at  193  nm  we 
obtained  the  following  fractional  Ionization  yield 
ratios  given  in  equations  (2)  and  (3): 

C‘93VCl/ci93B**-208  (2) 


C193TFE/C193gz-2.22  »  10-3  cm2/mj  (3) 


IXie  to  the  different  intensity  dependence  for  the  MPl 
fragments  these  ratios  are  not  dimensionless  parameters 
but  are  functions  of  the  laser  power. 

Absolute  cross  sections  for  the  relevant  MPI 
transitions  can  be  calculated  and  interpreted  in  terms 
of  a  network  of  competing  molecular  processes  (e.g., 
dissociation,  or  internal  conversion.) 
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I.R.  MULTIPLE-PHOTON  EXCITATION  AND  DISSOCIATION  OF  SILICON  COMPOUNDS 
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Collisionless  multi pie- phot on  excitation  (MPE)  of 
polyatomic  molecules  by  I.R.  laser  radiation  has  be¬ 
come  a  field  of  major  significance  during  the  past 
decade.  From  results  obtained  in  our  as  well  as  in  other 
laboratories  active  in  this  field,  it  comes  out  that 
multiphoton  resonances  play  a  major  role  in  MPE  of  the 
low  lying  vibrational  states  Higher  selectivity 

in  laser  isotope  separation  as  well  as  enhancement  of 
laser  vapour  deposition  efficiency  can  be  achieved 
through  excitation  of  multiphoton  rather  than  single 
photon  resonances. 

Recently,  a  detailed  investigation  has  been  per¬ 
formed  by  our  group  on  MPE  of  silicon  compounds  i.e., 

SiH  and  SiF.  . 

In  order  to  elucidate  tne  nature  of  I.R.  laser  photo¬ 
lysis  of  silane  we  have  measured  GiH,  absorption  in  the 
range  930~}8O  cm  *  excited  by  a  continuously  tunable 
CO.  laser.  All  the  measurements  were  performed  at  room 
temperature  under  collisionless  conditions.  A  portion 
of  the  MPA  spectrum  of  silane  is  reported  in  Fig.  l.a 
at  0  =  C.l i  j/cm'  .  rvr  comparison,  in  the  som**  figure 
the  linear  absorption  spe.’trum  convoluted  with  the 
laser  linevi.ith  is  report*?  1  as  a  continuous  line. 

Some  structures  'annot  ie  assigned  as  linear  absorp¬ 
tion  peaks.  In  order  to  ascertain  the  non  linearity  of 
the  process  vhi  rh  gives  rise  to  the  new  features,  absorp¬ 
tion  measurements  vs  iase~  f.uenre  have  teen  carried  out. 
Slopes  higher  than  \  have  been  found  at.  laser  frequen¬ 
cies  corresponding  to  multiphotcn  peaks  (Fig.  l.b). 

Decomposition  of  GiH  has  been  porf  -rraed  in  paral¬ 
lel  geometry  by  exciting  the  molecules  near  the  v  ^  two- 
-phct  on  resonance  ( lOP.'-o  CC  ias^r  line/. 

Fluorescence  emitted  by  the  fragments  fib.,  K  and 
H  r.as  been  detected  and  analyse  1  through  ar.  >MA  appara¬ 
tus  in  order  to  elucidate  the  gas  phase  reaction  mecha¬ 
nisms  in  different  experimental  conditions. 

MP.  of  SiH  has  been  stuiiei  in  gas  phase  as  well 
as  under  molecular  beam  conditions  by  the  use  of  one  or 
two  line  tunable  pulsed  CO  laser  as  radiation  sources. 

One  and  two  frequency  MPA  of  GiF  have  been  studied 
through  opto-aeoustic  detection  under  collisionless 
conditions  at  room  temperature.  The  one  frequency  spec¬ 
trum  shows  a  maximum  at  102  c>  cm  ^  corresponding  to  a  two- 
-photon  resonance  When  the  first  laser  was  tuned 

at  1029. U  cnf1,  the  two  frequency  MPA  spectrum  showed  a 

%  -i 

second  maximum  at  ^  =  983  cm  .  As  in  other  polyatomic 
molecules,  laser  radiation  at  lower  frequencies  is  more 
effectively  absorbed  by  molecules  pumped  in  the  quasi- 
-continuum  of  states  by  the  first  laser. 


These  results  are  confirmed  by  MPD  experiments 
performed  on  SiF^  seeded  in  Ar  (90^)  under  molecular 
beam  conditions.  Two  frequency  MPD  spectrum  of  SiF^  is 
reported  in  Fig.  2  and  shows  a  maximum  at  1025  cm  fol¬ 
lowed  by  a  series  of  oscillations  at  lower  frequencies. 
As  in  case  of  other  polyatomics  simple  thermal  bath 

model  for  the  q.c.  of  states  cannot  explain  this  struc¬ 
ture,  thus  a  more  sophisticated  theoretical  approach  is 
required  for  a  full  understanding  of  these  effects. 
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RESONANT  TWO-PHOTON  AL’TOIONIZAlION  OP  Hg  :  PHOTO KLBCTRON 

angular  distribution  and  teb  autoionization  linbshapb 

a.  Hal  Dastidar,  3.  Ganguly  and  T.  K.  Hal  Dastidar, 
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We  have  studied  the  effect  of  laser 
intensity  on  the  photoelectron  (PB)  angular 
distribution  and  the  lineshape  for  the  resonant 
two-photon  auto  ionization  of  the  H„  molecule 
through  the  lowest  autoionlzing  state  of 
(lc2)  symmetry.  The  states  involved  in  this 
transition  are  as  follows  : 


CJ 

X1!  (V  =0,.)  =0)  j1=l) 


»,r  )■ 

‘ - >  H+X' 


■12'(lc^)  [E  =  -0.4632  and  -0.3900 
a  a.u.] 


configuration  interaction 
(vt=0-4,  dj=0) 


Two  energies  of  the  autoionlzing  state  (Ea) 
correspond  to  two  nuclear  continual  the  turning 
points  are  K=2.4  a.u.  and  2.0  a.u.  for  E&= 
-.4632  and  -.39  a.u.  respectively.  For  the 
transitions  X1^.*-*  ( v.  =0 )  — -*  E  =  -.4632  au, 

6  w  *  a 

the  wavelengths  are  about  1100  and  1500  A 

respectively,  and  the  corresponding  wavelength 
for  transition  to  Ea=  -.39  au  is  about  1200  A. 


We  have  used  the  resolvent  operator  tech- 

1  ? 

nique  ’  to  obtain  the  transition  probability 
per  unit  time  in  the  weak-fleld  limit.  Details 
of  the  choice  of  wave functions  and  methods  of 
calculation  have  been  given  elsewhere'1.  It  is 
obvious  that  the  FE  angular  distribution  and 
the  lineshape  will  depend  on  the  choice  of 
vg,  Jg,  j4,  Vj,  dj,  Ea  and  also  on  the 

laser  intensity.  In  this  work  we  have  consider¬ 
ed  the  spontaneous  decay  of  the  intermediate 
resonant  states.  Fig.  (a)  shows  how  this  effect 
can  modify  the  FE  angular  distribution  at  lower 
intensities:  the  qualitative  change  with  incre¬ 
asing  intensity  shows  that  this  effect  is 
masked  by  other  intensity-dependent  parameters. 
A  comparison  with  Fig.  (b)  further  shows  that 
this  qualitative  change  in  the  FE  angular 
distribution  with  variation  of  intensity  is 
almost  solely  due  to  the  spontaneous  decay  of 
the  Intermediate  resonant  states.  Fig.  (c) 
shows  the  vibrationally  resolved  FE  angular 
distribution. 


The  Intensity  dependence  of  the  line 
shape  shows  a  similar  feature  as  obtained 
previously  in  a  parametric  calculation^ ,e.g. 


a  typical  Fano  profile  at  low  intensities, 

whose  maximum  gets  demped  and  eventually 

vanishes  towards  higher  intensities.  The 

* 

total  ionization  rate  comes  out  asj»  10  sec 
at  an  intensity  of  100  tf/em2. 


Polar  plots  of  PE  angular  distribution. 
Fig.Uhtvjsl.djOdfor  I  =  108,  1C4  and  102 
W/cm2  respectively. 

Fig.(b):  [vj=l,dj=4)]  at  I  =  104  W/cm2  with 
spontaneous  decay  neglected  (see  text) 


Fig.(c):  ^=0,^=0] 
respectively  at  I 


and  [vI=2,3j=0] 
«=  100  W/cm2. 


For  all  figures,  Vj=  0  and  Ea  «=  -  .4632  a.u. 


dince  these  frequencies  in  the  UV  and  VUV 
range  are  being  produced  and  used4’-*  for  two- 
and  three-photon  ionization  of  H2,  study  of  the 
above  features  should  be  well  within  the  capa¬ 
bilities  of  present-day  laboratory  resources. 
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TWO-PHOTON  DISSOCIATION  OP  HD  BT  THE  Iso  -►  Iso,, 

VIBRATIONAL  TRANSITION  e  e 

M.  K.  Chakrabarti+,  S.  S.  Bhattacharyya+ ,  K.  K.  Dattf  and  Samir  3aha+ 

^Department  of  Seneral  Physics  and  X-rays,  I.A.C.S.,  Jadavpur, Calcutta  700032,  India 
^Indian  Journal  of  Physics,  I.  A.  C.  S.,  Jadavpur,  Calcutta  700032,  India 


Using  linearly  polarised  light  with  wave¬ 
length  range  X  =  16000  -  170002.,  non-resonant 
two-photon  dissociation(TPD)  cross  sections  of 


HD  are  calculated  from  initial  v. 


6,  Ji=0 


level  of  lsog  ground  state.  All  possible  bound 
and  free  intermediate  states  are  considered. 

Prom  perturbation  theory,  TPD  rate  from 
initial  state  |  i>  to  final  state  |  f>  is  given  by 

dW^}-  (u*f/cV)  i2|42)J  2dnkf,  (I] 

where  «  wavevector  of  the  dissociating  frag¬ 
ments,  u  =  reduced  mass,  I  =  intensity  of  the 
( 

incident  photon  and  T£^  =  TPD  matrix  element. 

The  generalised  TPD  cross  section  is 

°fi)=  («^fepao/2*Io)lTfi)|  2  *  (2] 

Here  ep  =  photon  energy  in  Hartree,  I0=(ee  / 

2ita4)  in  Hartree/cm2sec,  aQ  in  cm,  a^)  in 
cm4sec  and  all  other  quantities  are  in  a.u. 

With  radiation  gauge  (T ."?)  form  of  inter¬ 
action  Hamiltonian,  we  have 

Tfi)*,ilNn<:fl  *•*!  nXn  |  e-cTJiXtNn-Ei-ep).  (3) 


dipole  moment  of  the  molecule. 

The  asymptotic  part  of  free- free  radial 
matrix  element  of  S,  1r,(h)  in  Eq.(7)  is  evalu- 
ated  analytically  with  a  converging  factor  . 

An  essential  2nd  order  singularity  appears  at 
k=kf  which  reduces  to  1st  order  due  to  the 
presence  of  the  factor  w^  in  Eq.  (7)  and  the 
Integration  of  Eq.  (6)  then  becomes  possible. 

In  electric  field  gauge  (I?.?) ,  as  there  is  no 

f 

w^,  one  fails  to  evaluate  Sj  via  Eq. (6)due 
to  the  2nd  order  singularity*  in  sj^io^‘ 

Results  and  discussions  : 

" ~~  -----  _ .  _  (2) 

(1)  Prom  Table  1,  one  notices  that  o^£' 

are  oscillatory  in  the  wavelength  range  consi¬ 
dered.  This  is  because  of  the  involvement  of 
competlting  bound  and  free  channels  in  inter¬ 
mediate  Btates. 

(ii)  Contribution  to  o^2^ comes  mostly 


from  the  Iso 


lsog  Channel  with  some 


where  c  *  unit  polarisation  vector  of  incident 
light,  ^  *  electric  dipole  operator  of  the  mole¬ 
cule  and  wn«(Bf-  Bn)  (E^-Ej.J/e2.  £.  in  Eq.  (3)  is 
over  complete  set  of  molecular  eigenstates  |  n>  . 

For  J^=0,  selection  rule  for  two-step  pro¬ 
cess  demands  Jy=2,0.  Then,  with  the  help  of  ang¬ 
ular  momentum  algebra,  we  get 

°fi^*  8*ai‘kfcpaoIo  S210+  7  3010^  ’  ^4' 

where  3Jfl0=  -  TPD  radial  matrix 

element  ('b'  and  '  f '  stand  for  'bound1  and' free' 
intermediate  states),  with 

Vr)l  R^>(r)> 


and  SJflO  *J'3Jf10^l£'>dR’ 

where  SJfl0(k)  =  ( wkk2/8*3)<R<^(r)|  QA(r)|l^ 

*&SMVr)l4*0  (r)> 

/(E^-Eg.Q-Cp). 

Her#  Q^_(r)  *  intrinsic/ electronic  transition 


contribution  from  the  channel  lsog-*lsog(b)->- 
lsug.  Other  channels  like  lsog— ►lsc^f  f )— »>l8og, 
IsOg— ►  2px^->-lBOg  have  negligible  contribution. 

(ill)  c^2^ for  vibrational  transition  is 
found  to  be  larger  by  several  orders  of  magni¬ 
tude  than  that  for  electronic  transition1. 

TABLE  1. Calculated  TPD  radial  matrix  elements 
SJf10^'=SJf10+  SJfL0)and  cross  sections  c^2  of 

HD4-  for  the  iso  —#180  vibrational  transition 
from  ^=6,^*0  level  of  lsog  state, The  upper 
entries  are  for  J^=2  while  the  lower  entries 
are  for  Jj=C. 

a  „b  o  a(2)'~ 

3od0  JflO  *0.10  dfi4 

_ (a)  r  _ L_ _ i - (cnJaec) - 

16000  -8.97(-4r  1.501-1)  1 . 4 9 ( —1 )  2.39(-54) 

8. 81  (-4  )  — 1.48(— 1)  — 1.47(— 1) 


16300 

3.02(-3) 

-1.73(-1) 

-1.70  (-1) 

2.63(-54) 

(5) 

-2. 72(-3) 

1 . 70  ( -1 ) 

1.67(-1) 

16500 

-1.85 (-2) 

1.97(-1) 

1.76  (-1) 

2.58(-54) 

1.72(-2) 

-1. 94 (-1) 

-1.77  (-1 5 

(6)  16700 

6.90(-3) 

2 .  35  ( -1 ) 

242(-l) 

4.04(-54) 

-6.49(-3) 

-  2 . 30  ( -1 ) 

-236(-l) 

r)> 

17000 

-2.85(-3) 

-2. 92( -1 ) 

-2.95-1) 

4 . 60  ( -5  4 ) 

2.68(-3) 

2.90(-l) 

i93(-l) 

♦  -8. 97( -4 )  =-8.97  x  10-^7 
Reference  : 

(7 )  .Chakrabarti,S.S.Bhattacharyya,E,K.Datta 
and  S.  Saha, Chem.Phys. Lett. 112,492(1985). 
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APPLICATION  OF  PROJECTION  METHODS  TO  SCATTERING  CALCULATIONS* 

B.  I.  Schneider* 

■•Theoretical  Division,  Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico,  B7545  USA 

The  results  of  a  study  on  the  use  of  L2  basis  set 
expansions  for  a  number  of  different  operators  which 
appear  In  scatterlnq  problems  will  be  presented.  The 
object  of  the  study  was  to  ascertain  the  performance  of 
such  expansions  for  simple  model  potentials  having  long- 
range  character.  The  results  of  the  calculations  demon¬ 
strate  that  the  Schwinger  form  of  the  separable  expan¬ 
sion  Is  best  for  the  problems  studied.  The  standard 
separable  expansion  also  works  quite  well,  while  the  L2 
expansion  of  the  Green's  function  Is  quite  poor. 

Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 


MODIFIED  EIKONAL  APPROXIMATIONS  FOR  ELECTRON-  AND  POSITRON-ATOM  SCATTERINGS  AT  INTERMEDIATE  ENERGIES* 


T.T.  Gient 

Royal  Holloway  and  Bedford  Colleges  (Univ.  London),  Egham  Hill,  Egham,  Surrey  TW20  OEX,  England 

In  the  modified  Glauber  approximation^  scattering  terms 
of  order  higher  than  the  second  one  were  chosen  to  be 
represented  by  the  corresponding  eikonal  terms  of  the 
Glauber  expansion.  The  contribution  from  higher  order 
scattering  terms  to  the  scattering  amplitude  has  been 

confirmed  to  be  quite  significant  especially  at  large 

2 

scattering  angles  in  some  calculations  .  It  is, 
therefore,  worthwhile  to  find  out  how  this  contribution 
varies  from  one  model  to  the  other.  In  this  work,  we 
investigate  some  alternative  possibilities  of  replacing 
the  "Glauberized"  forms  of  these  terms  by  those  given 
by  some  other  closely-related  eikonal  approximations. 

In  this  connection,  we  shall  propose  two  new  modified 
eikonal  methods  of  approximation  :  the  modified  WKB 
and  the  modified  straight  line-corrected  Glauber 

approximations .  In  particular,  we  apply  these  methods 

,  + 

of  approximation  to  the  calculation  of  e  -  H  elastic 

scattering  and  the  results  of  differential  cross  section 

3 

are  compared  to  experimental  data  . 

Since  the  calculations  of  these  newly  proposed 
modified  eikonal  amplitudes  including  the  unitarized 

4 

eikonal-Born-series  one  are  much  more  difficult  than 

the  calculation  of  the  modified  Glauber  amplitude,  we 
are  also  specially  interested  in  finding  out  whether  or 
not  the  values  (without  exchange)  calculated  with  these 
modified  eikonal  methods  under  exactly  the  same 
conditions  of  approximation  would  differ  significantly 
from  those  given  by  the  modified  Glauber  method. 

Detailed  results  of  this  work  will  be  reported  at 
the  conference  with  discussion  and  useful  conclusions. 


*Research  work  supported  by  the  Natural  Sciences  and 
Engineering  Research  Council  of  Canada. 

tOn  sabbatical  leave  from  the  Department  of  Physics, 
Memorial  University  of  Newfoundland,  St.  John’s, 
Newfoundland,  Canada  A1B  3X7  (permanent  address) 
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RELATIONSHIP  BETWEEN  3REDHOLM  INI'KQKaL  EQUATION  AN B  BOHWINJEu  VaRIATIOHAL  Ph  to.; t wi.it 

AND  IIS  APPLICATION  TO  ATOMIC  JCaTTERINA 
j.P.  khare  and  Jatya  Prakaeh 

Physios  Department,  Institute  of  Advanced  studies, Meerut  University, Meerut-250005,  INDIA 

We  iterate  Fredholm  integral  equation1  p  to  tl5e  ori1er  °f  kj3  asymptotically  for  e~-H 
times  and  obtain  the  scattering  amplitude  for  elastic  scattering  and  thus  total  collisional 

the  transition  from  i**1  to  f4*1  3tate  as  cross  section  is  obtained  with  the  help  of  the 

fi(k  .k  )  .  ffi  (k  k  )  ♦  optical  theorem.  Jince  imaginary  part  of  the 

-f’-l  3p  “f’-i  +  third  Born  term  and  the  real  part  of  the  fourth 

+  1  j,  fjp^!if,a)  ^  l-fl.k^)  ^  Dom  term  fall  as  k~4  asymptotically1  they  are 

+  2m^  m  q2  _k2  -it  a'  negleoted  and  the  imaginary  part  of  the  fourth 

-  .  ,  .  m.  th  ,  _  Jorn  t?rn  iu  replaced  by  f,,,  the  fourth  term 

ere  f  and  f-  are  exact  and  p  torn  scatt-  ,,  .  - 

of  the  ulauDer  series.  Furthermore  the  real 
ing  amplitudes,  respectively.  The  other  ^  , 

part  of  the  third  Born  in  the  forward  direction 
tibols  have  their  usual  meanings,  i'o  obtain  -  _  .  .  . 

Tor  hydrogen  atom  is  zero  when  evaluated  throu- 
proximate  solution  we  take  gh  cloaure2_ 

fin  »  fmiCa.ki)  '«>  f^J  (a*!^)  (2 )  Our  results  for  the  total  collisional 

r  all  values  of  m,  where  ^p.n  13  a  comPlex  cr°83  sections  are  shown  in  fable  1.  They  exhi- 

ltlplylng  factor  and  n  iu  non-zero  positive  bU  aatlSflCtor*  hireoment  with  the  adopted 

teger.  Putting  (2)  in  11)  we  obtain  0r°3S  seotiona  of  de  Heer  ct  al.2  The  present 

method  gives  different  cross  sections  for  elec- 
fout  “  fBp  +^p,n  ^f|3pTn  "  fBp^‘  ^  tron  and  positron  scattering  unlike  the  Khare 

drop  the  superscripts  fi  to  simolify  the  ani^  l*ata  method4  and  EBB  method1  .both  of  which 

tations.  Now  we  determine  A  n  by  making  are  correct  only  to  the  order  of  k~2  and  the 

)2  stationary  with  respect  to/1  modified  Jlauber  approximation4.  All  of  them 

out  in '  J  p ,  n 

i3  yields  f  yield  same  cross  sections  for  trie  two  prcject- 

\  _ 2E- -  .  (4)  iles.  The  extension  of  the  present  method  to 

p .  n  *  «  <•  f 

I3p+  L13n  ~  xJp+n  the  multielectron  targets  is  of  interest. 


fn  tef.il>  -  f3p  tef.ki)  ♦ 

i  „  *£ter-a>  ,  ... 

+  i7  m  “V^TtT - da’  (1) 

m 

where  f  and  fBp  are  exact  and  pth  lorn  scatt¬ 
ering  amplitudes,  respectively.  The  other 
symbols  have  their  usual  meanings.  To  obtain 
approximate  solution  we  take 

fin  "  fmi^-ii>'=Ap,n  tetet)  U) 

for  all  values  of  m,  where  ^p,n  13  a  comPl-ex 
multiplying  factor  and  n  iu  non-zero  positive 
integer.  Putting  (2)  in  11)  we  obtain 

“  fBp  ♦Vn  -  f“"K  (3) 


lf9p+n  "  fBp>- 


We  drop  the  superscripts  fi  to  slmolify  the 

notations.  Now  we  determine  A  by  making 
p  P  »  “ 

tfouffm)  stationary  with  respect  lu^p>n- 

This  yields  f 


13p+  l!3n  "  _'p+n 

It  is  easy  to  see  that  with  the  aoove  value  of 
>p,n  "e  have  f  f 

r  t  -  fln  - - Sa-Ss -  (5) 

out  m  *  f  _  r  __  . 

‘ip  in  3p+n 

for  all  values  of  n  and  p.  Thus  the  above  sol¬ 
ution  of  the  Fredholm  integral  equation  is 
□elf  consistent. 

Now  in  the  fractional  form  for  the  dire¬ 
ct  scattering  amplitude  C  f  J  as  obtained 
from  the  Dchwinger  variational  orincip  le  i  —  q . 
110.5&)  of  Ref. 1)  .we  take  oul.^oin  ’  and 
incoming  y~  scattered  waves  correct  to 
ln-1)lh  anrTflp-1)th  Born-aoproximations  resp¬ 
ectively  and  easily  ootain  from  it  an  equat¬ 
ion  which  is  identically  the  3ame  as  la  >  ■ 

Thus  we  estaolish  that  the  seif  consistent 
solution  of  the  Fredholm  Integral  equitlon 
is  the  same  a3  obtained  from  Jchwinger  vari¬ 
ational  orlnciple  for  aLl  the  values  of  p 
and  n . 

In  the  present  Investigation  we  have 
taken  n«=p«2  and  have  ooi  ained  imaginary  part 
°f  C  f2  2  3  in  the  forward  direction  correct 


Total  collisional  cross  sections  (In  a  )for 

o 

the  scattering  of  electrons  and  positrons  by 
hydrogen  atoms. 


L(eV) 

Present 

e“ 

results 

♦ 

e 

Kef. 3 

e” 

30 

10.270 

10.970 

12.720 

50 

9.700 

9.95a 

10.300 

100 

6.773 

6.823 

6.850 

200 

4.  177 

4.  100 

4.180 

300 

2.926 

2.926 

3.060 

400 

2.432 

2.432 

2.430 
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EVALUATION  OF  DAMPED  OSCILLATORY  INTEGRALS  IN  ELECTRON-ATOM  SCATTERING 

V.B.  Sheorey  and  A.  Basu 

Physical  Research  Laboratory,  Navrangpura,  Ahmedabad  380  009,  India 


The  scattering  of  electrons  by  an  atom  or 
a  positive  ion  can  be  described  by  an  integral 
equation  of  the  form, 

F(kl ; r)  =  Fo(kl;r)  +  £&(kl;r,r') 

U(r ' )F(r' )dr ' 

where,  Fq  is  the  regular  solution  of  the  homo¬ 
genous  equation  at  r  =  0;  G  is  the  Green’s 
function  constructed  from  the  linearly  inde¬ 
pendent  solutions  of  the  homogeneous  equation 
and  incorporates  the  required  boundary  condi¬ 
tions  on  F;  the  angular  momentum  of  the  partial 

q 

wave  considered  is  1  and  k  =  E  is  the 
impacting  particle  energy  in  rydberg  units. 

The  potential  V(r)  describes  the  static  field 
due  to  the  target  and  for  large  r  is,  gene¬ 
rally,  exponentially  decreasing.  If  allowance 
for  electron  exchange  is  made  then  C(r)  also 
contains  an  integral  operator.  Such  an  inte¬ 
gral  equation  can  be  solved  either  iteratively 

1  2 

or  by  non-iterative  techniques.  ’ 

We  consider  the  iterative  solution  for 
such  an  equation.  A  convenient  iterative  pro¬ 
cedure  is  to  put  F  =  FQ  on  the  RHS  of  the  enua- 
tion  and  then  iterate  the  resulting  equation. 
This  procedure  generates  the  well-known  Born 
series.  We  propose  a  method  in  which  the  inte¬ 
grands  arising  from  the  above  equation,  which 
are  all  of  the  exponentially  damped  oscillatorv 
type,  are  expanded  in  terms  of  rhebvshev  nolv- 
nomials.  The  integrals  themselves,  both  the 
definite  and  indefinite  integrals,  can  then  be 
simply  evaluated  bv  appropriate  summation  of 
the  expansion  coefficients. 


The  application  of  our  method  to  elastic 
electron-hydrogen  scattering  in  both  the  static 
and  the  static-exchange  approximations  shows 
that  this  method  requires  much  less  computation 
at  least  by  an  order  of  magnitude,  as  compared 
with  usual  quadrature  methods,  to  give  results 
of  comparable  accuracy.  The  problems  of  con¬ 
vergence  of  the  iterative  scheme  still  remain 

but  these  mav  be  solved  by  an  appropriate 

1  3 

iteration-variation  technique.  ’ 

Furthermore,  some  problems  in  atomic  sca¬ 
ttering  require  the  evaluation  of  damped  osci¬ 
llatory  integrals  where  the  damping  is  slower 
than  exponential.  Some  of  these  integrals  can 
be  converted  to  the  exponentially  damped  osci¬ 
llatory  type  bv  a  suitable  deformation  of  the 

4 

integration  contour  .  Such  integrals  can  then 
be  also  conveniently  evaluated  by  our  technique 
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A  THIRD  ORDER  DISTORTED  WAVE  FORMULA  FOR  SCATTERING  BY  TWO  POTENTIALS 


D.P.  Dewangan 
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We  develope  a  new  distorted  wave  formulation  for 
scattering  of  a  particle  by  a  target  in  which  the  full 
interaction  V  can  be  divided  into  two  parts  V  «  Vj  ♦ 
in  such  a  way  that  the  scattering  problem,  in  which 
either  part  of  the  full  interaction  is  operative  at  a 
time,  can  be  solved  exactly.  We  show  that  the  exact  T 
matrix  element  for  excitation  from  the  initial  state  Pj 
to  the  final  state  can  be  put  in  the  form 


T 


fi 


TODW 

Tfi 


"fi 


Cl) 


where 

-.TODW  _DW2  „DW2  Cor 
Tfi  =  'fi  Vi  '  Tfi 


(2) 


tfi  =  <*f|  (VjGjV^^GVi  ♦  V  2^2^  + 

V2G0V2G2ViGVi  *  V2G0V1G1V2GV1  * 

(3) 


In  (3).  Gj  =  1/ {E-HQ  -  Vj  ♦  ie)  and  G2  =  1/{E-Hq  - 

V,  ♦  ic),  H  being  the  unperturbed  Hamiltonian  and  E 
*  c 

the  total  energy  of  the  system.  In  (2) 
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i 

(6) 

where  Gq  =  1/(E-Hq  ♦  ie  )  and 


iTf  5  C1 

1 

V  ♦i.f 

E-H  -V  +  it 

0  1  — 

iTf  -  (1 

1 

V  ♦i.f 

*  E-H  -V,  «  it 
o  t  — 

A  glance  at  (3)  reveals  that  the  term  tf.  is  of  the 
fourth  order  in  interaction,  i.e.  it  contains  contribu¬ 
tions  from  the  fourth  and  higher  order  perturbation 

TODW 

theory.  This  implies  that  T^  is  exact  up  to  the 

third  order  in  the  full  interaction  V.  Indeed,  we  can 
TOW 

expand  TfJ  in  powers  of  Vj  and  V2  to  show  that  it  not 
only  contains  the  first  three  Bom  transition  amplitudes 
fully  but  also  includes  a  part  of  each  higher  order  Bom 
term  starting  from  the  fourth  Born  amplitude. 

I 


I 


Clearly,  under  many  circumstances,  those  higher 

TOW 

order  terms  which  are  not  included  in  Tf.  would  be 
small.  Then  it  will  be  a  good  approximation  to  write 


fi 


-TODW 

^fi 


(9) 


We  notice  that  T??1  in  (2)  is  the  familiar  distorted 
11  1 

wave  formula  of  Goldberger  and  Watson  for  scattering 
by  two  potentials  in  which  the  potential  Vj  is  treated 
exactly  and  the  second  potential  V2  is  treated  only  to 
the  first  order  in  distorted  waves.  Similarly,  T^?2 
is  the  Goldberger-Watson  distorted  wave  formula  in 
which  the  roles  of  Vj  and  V2  are  now  interchanged.  The 
formula  (2)  gives  a  method  of  combining  two  distorted 
wave  transition  amplitudes  for  the  cases  in  which  T^1 
and  T^2  can  be  computed.  The  term  TG?r  in  (2)  is 
needed  to  avoid  'double  counting'.  We  also  remark  that 
there  is  no  difficulty  in  developing  the  formulation  in 
the  prior  form.  However,  we  omit  any  further  discuss¬ 
ions  on  this  as  it  does  not  provide  any  additional 
infonnatioDj 
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ON  THE  ON-SHELL  APPROXIMATION  IN  THE  FADDEEV 
EQUATIONS  FOR  e-H  SCATTERING 


P.A.  Massaro 

Dipartimento  di  Fisica  dell 'Universita.Sezione  INFN, Bari, Italy 

Treating  the  e-H  scattering  problem  by  the  Faddeev 

approach  or  by  other  integral  equations,  the  on-shell  k"2  t,.  „  ,  V 

,  B  Ik  »k,0)  c 

high  energy  approximation  is  usually  used  to  reduce  the  m=0 

dimensionality  of  the  equations.  The  aim  of  this  note  is  we  have  (to  the  first  order  i 

to  elucidate  the  reliability  of  such  approximation.  , 


dm(k,8) 


(k"-k)m 


we  have  (to  the  first  order  6k) 


To  be  definite  we  consider  the  Faddeev  equations 

for  the  elastic  e-H  channel,  including  only  the  Is 

•  -  1  9 

intermediate  state  » 

(i?'ls|Yt|kis)  -  (k’ls  |Y<1>±|kls) 

+  ldI?’  eTiFe17  ^'ls  Iy(1)±I^'1s)  lYflitls) 

,  /I  \  + 

where  Y-  and  Yv  ' *  are  three  body  and  two  body  transition 
operators . 

The  on-shell  approximation  is  obtained  by  writing 
the  polar  term  as 

E+1C-E"  *  _l":  6<E_E  )+  P  EHE" 
and  by  omitting  the  principal-value  part. 

The  exact  equations  for  the  singlet  and  triplet 
amplitudes  can  be  written  as ^*4 

f±(it,-k)  -  fj  (k’-k) 

i  f“dk"k”26(k"-k)  fdk"ff(it'  .£")r(£".£) 

’  4"k  Jo 


dk"f * (£'  •Jc") 


where  f|  -  ,  being  f^  the  Born  amplitude  and 

g^C^  the  Ockur  exchange  amplitude^. 

For  large  k  values  the  functions  fj(k«k")  have  a 
sharp  maximum  at  k"  *  k  and  we  can  assume  that  the 


g* (k"tk;6) 


J  dk"  f\ 


(k ’ *k")  f " (k"*k) 


have  the  same  behaviour.  Then  a  good  evaluation  of  the 
principal-value  part  is 


dk"  -  g-(kM,k;e) 

k"--k? 

k-6^ 


(we  assume  that  g“  vanishes  outside  the  small  interval 
(k-5k,k+6k) ) . 

Expanding  around  k"  «k 
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The  ratio  of  the  two  integrals  in  equations  (2)  can 
be  evaluated  as 

principal-value  part  Me 

on-shell  part  “k  ‘ 


Similar  evaluations  can  be  made  for  the  inelastic 
channels  (inclusion  of  more  virtual  states). 

Even  at  low  energies  the  on-shell  approximation  can 
be  useful  when  we  solve  equations  (2)  by  the  method  of 
successive  approximations. Writ ing 


f‘+1(k’.k)  =  fj(k’.k) 


-  ^  dk"k"r«(k"-k)J  dk"f  j  (k’ -k")f  *<  k"-k) 

Jo  1 


dk"  — - -  I  dk"f , (k * -kM)f  (k"*k ) 

k"-k-  1  1 


we  can  choose  (to  evaluate  the  second  order)  f  (k"*k)  as 

o 

a  function  with  a  sharp  maximum  at  k"=k  and  vanishing 
outside  a  small  interval  (k-*k,  k+<5k). 
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FADDEEV  EQUATIONS  FOR  ELASTIC  AND  INELASTIC  e-H  SCATTERING 
P.A.  Massaro 

Dipartimento  di  Fisica  del  1 'Univers i ca ,Sez ione  INFN, Bari , Italy 


Previously  a  careful  analysis  has  been  done  for  the 

12  3 

elastic  e-H  channel  at  high  and  intermediate  energies  *  .' 
In  such  treatment  only  the  Is  intended iate  state  has 

been  retained  in  the  Faddeev  equations.  In  this  work  the 
method  is  generalized  by  including  the  2s  and  2p  virtual 


For  the  elastic  and  ls-2s,ls-2p  inelastic  e-H 
channels  the  Faddeev  equations  for  the  singlet  and  triplet 
amplitudes  can  be  written  as 

fis,ls<C-C':“ 

4>^  1  fU.L<£-£"> 

*  X  ^  fi,.2.(£*£i> 

ik2  1  „  ITT*  -*■  +  * 

4  X  IT  uL,/dk2  fis:2pPk'-kPfls,2pPK-k2) 


such  approximation  is  done  in  another  commnication. 

Equations  (1)  cannot  be  easily  used  without  a 
partial  wav.  decoropocit ion .  However  we  can  work  in  total 

wave  by  using  single-variable  integral  equations. 

2  3 

As  in  the  previous  works  *  we  choose  the  incident 
vector  k  in  the  z-axis  direction  and  the  (x-z)  plane  as 
scattering  plane.  Furthermore  we  introduce  the  kernels 
f2"  (i)  + 

K"  ,(k;u,v)»  J  dw  f  ,  (k;u,v,w) 

YY  Jo  YY 

where  u»cos0,  v»cos0",  w*$". 

The  required  one-dimensional  equations  are 
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f (1 )-  _  fB  4  Ock 

being  f^,  the  usual  Born  amplitudes  for  the  Y-Y*  tran 
sitions  and  g^^  the  Ockur  exchange  amplitudes^;  X  is 
the  coupling  constant  for  the  interacting  particles  (X*l 
is  the  physical  value).  The  kernels  for  the  2s-2p 
transitions  are  singular  in  the  forward  directions  but 
this  singularity  can  be  easily  remedied  by  introducing 
a  small  energy  difference  between  the  2s  and  2p  states. 

The  only  important  approximation  made  in  equations 
(l)is  the  on-shell  approximation  which  is  obtained  by 
omitting  the  principal-value  part  in  the  polar  term  of 
the  exact  equations.  A  discussion  on  the  reliability  of 
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Both  elastic  and  inelastic  amplitudes  can  be  evalua¬ 
ted  exactly  from  equations  (2)  without  partial  wave 
decomposition. 

The  method  can  be  further  generalized  by  including 
any  number  of  intermediate  virtual  states. 
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HIGHER  order  born  exchange  amplitudes  for  elastic  scattering  of  electrons  by  helium  ATOMS 
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In  view  of  the  recent  developments  for  the 
study  of  spin  exchange  effects  in  electron  -  hy¬ 
drogen  collision  processes1'2'3'4  it  is  proposed 
in  this  paper  to  extend  these  studes  '  '  for 
elastic  scattering  of  electrons  by  helium  atom 
at  intermediate  incident  energy  region.  Towards 
this  proposal,  we  would  like  to  derive  the  sec¬ 
ond  Born  exchange  amplitude  for  elastic  scatte¬ 
ring  of  electrons  by  helium  atom  to  study  the 
asymmetry  and  collision  cross  sections.  The 

basic  approximations  to  obtain  the  exchange 

7 

amplitude  are  discussed  earlier  . 

The  second  Born  amplitude  for  exchange  pro¬ 
cesses  can  be  written  as  6 

F<B>  =  -(2  TO<§pb  |  Vp  G<*>  Vd  |  (1) 

In  this  paper  we  would  like  to  obtain  the  closed 
form  of  (1)  for  elastic  scattering  of  electrons 
by  helium  atom.  The  real  and  Imaginary  parts  of 
the  excha”nge  amplitude  (1)  can  be  obtained  in 
closed  form  as 


Where  the  terms  in  the  square  brackets  of  real 

(2)  and  Imaginary  (3)  Parts  are  obtained  in  the 
closed  form  for  the  hydrogen  atom4'7,  Dn  (y  ) 

a  v  ™ 

is  n  order  differention  with  respect  to  the 

exponential  parameter  (y_)  of  the  target  wave- 
6  m 

function  .  Using  these  real  (2)  and  imaginary 

(3)  parts  and  the  direct  scattering  amplitude6 
the  collision  cross  section  can  be  calculated 
more  acurately.  And  the  present  approach  can 
be  tested  by  the  study  of  asymmetry1. 

Finally  wa  conclude  by  the  encouragement  of 
our  earlier  studies3'4'6'6'7,  that  the  present 
study  will  give  reasonably  good  results.  Final 
reaulta  of  the  present  study  will  be  presented 
at  the  time  of  confeaence. 


One  of  the  authors  (  N  S  R  )  is  thankful  to  the 
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SEMIEMPIRICAL  MODEL  DESCRIPTION  OP  THE  LOW  ENERGY 
ELECTRON  SCATTERING  FROM  HELIUM 
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In  a  reoent  paper  Schrader  has  shown  that 
the  elastic  scattering  of  positrons  from  rare 
gases  can  be  well  modelled  with  a  simple, 
semiempirical  potential.  In  the  present  work 
we  propose  a  similar  approach  to  the  electron 
elastic  scattering  problem. 

Our  central  model  potential  is 

V=Vst+VPol+Vexch  ™ 

where  V  ^  is  the  static  potential  of  the 
atom  and  Vpol  is  the  polarization  potential 
taken  of  the  simple  form 


-  ot/2r* 


for  r^rQ 

for  r  /  r 
'  o 


with  rQ  the  single  disposable  parameter  of 
the  model.  In  order  to  choose  the  appropriate 
exchange  potential  Vexch,we  tested  several 
local  approximations  and  we  found  that  only 
the  asymptotically  adjusted  free  electron 
gas  exchange  model  can  give  s  and  p-wave 
phaseshifts  concomitently  within  the  experi- 
2  3 

mental  range  *  j  for  rQ=2.678  aQ  we  obtained 
the  experimental  phaseshifts  at  10  eV. 

Our  model  was  then  tested  against  experi¬ 
mental,  total  elastic  and  momentum  transfer 
cross  sections. 
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// 
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Pig.l  presents  the  comparison  for  the 
differential  cross  sections  for  5  eV  elec¬ 
trons  scattering  from  helium.  Our  fit  at  10 
eV  agrees  with  the  measurements  of  Register 
et  al*  for  angles  smaller  than  90°, while  for 
angles  larger  than  130°  we  are  in  very  good 


o  s  w  £(eV)  15  20 

Pig. 2  Total  elastic  cross  sections  for  e~He 
scattering: - our  model;  v  Stein,  et  al  , 

agreement  with  the  experimental  results  of 
Andrick  and  Bitsch"’. 

Pig. 2  shows  that  our  model  based  on  the 
fit  at  10  eV  yields  total  elastic  cross  sec¬ 
tions  which  are  in  very  good  agreement  with 
the  measurements  of  Stein  et  al^.  Only  at 
impact  energies  lower  than  3  eV  our  data  are 
probably  too  low. 
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ELASTIC  SMALL-ANGLE  ELECTRON  SCATTERING  BY  He,  Ne  AND  Ar  AT  35keV 
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Geiger  and  Mor6n-Le6n  have  reported  experimental 
observations  of  a  strong  forward  peak  in  the  cross 
section  for  elastic  scattering  of  I5-25keV  electrons  by 
rare  gas  atoms.1  Their  data  also  exhibit  structures 
similar  to  Fraunhofer  diffraction  patterns.  Such 
interference  patterns  would  require  that  each  atom 
represent  a  black  disk  of  from  30-50A  diameter  in  the 
path  of  the  electrons  (Shadow  Scattering)!  No  recent  ab 
initio  theory  can  explain  this  effect.  We  repeated  the 
experiment  at  the  University  of  Texas.  Many  elements  of 
our  apparatus2  are  different  from  those  used  by  the 
previous  researcher  so  that  a  truly  independent  confir¬ 
mation  of  this  surprising  effect  could  be  achieved.  We 
used  a  gas  jet  for  the  scattering  target,  the  electron 
beam  was  formed  by  a  telefocus  electron  gun,  the  electron 
analyser  was  of  the  Moellenstedt  type1  and  the  scattered 
electrons  were  recorded  bv  a  scintillator  photomultiplier 
arrangement.  The  primary  beam  was  trapped  in  a  Wood's 
horn.  Measurements  were  carried  out  for  He,  Ne  and  Ar 
in  the  angular  range  of  2-20  mrad.  The  electron  energy 
was  set  at  35keV.  The  scattering  signal  from  the  gas 
jet,  the  residual  gas  and  the  primary  beam  were  recorded 
independently.  The  right-left  symmetry  was  always  main¬ 
tained  within  the  counting  noise.  Our  cross  sections 
for  all  3  rare  gases  disagree  in  shape  with  Ceiger  and 
Mor6n-Le6n  values  and  agree  very  well  with  numerical 
results  based  on  relativistic  partial  wave  treatment  and 
relativistic  Hartree  Fock  potentials.4  All  charge  cloud 
polarization  effects  have  been  neglected  in  these  cal¬ 
culations.  No  indication  of  shadow  scattering  could  be 
found.  The  small  forward  peak  predicted  by  Nesbeth'  was 
at  too  small  angles  to  be  reached  by  our  measuring 
technique.  At  all  angles  the  energy  loss  spectra  were 
recorded  to  ensure  that  the  inelastic  scattering  contri¬ 
butions  are  well  separated  from  the  elastic  line  and  only 
elastic  scattered  electrons  are  used  in  the  evaluations 
of  the  cross  sections. 

The  disagreements  of  the  previous  measurements  with 
the  present  ones  invite  comparisons  between  the  two 
experiments  to  find  some  plausible  causes  for  the  absence 
of  the  shadow  effect.  Any  long  range  potential  produced 
in  the  scattering  process  can  generate  a  strong  forward 
peak,  i.e.  a  small  percentage  of  ions  or  metastable 
excited  states  present  in  the  scattering  volume  are 
possible  candidates.6  Furthermore,  insufficient  vacuum 


conditions  can  cause  additional  scattering  of  electrons 
after  they  left  the  analyser  and  transverse  a  relative 
long  distance  to  the  photographic  plate.  A  third 
possibility  can  rest  with  the  alternation  of  the  primary 
electron  beam  when  the  scattering  volume  was  filled  with 
gas  and  when  it  was  empty.  In  the  smallest  angle  the 
background  can  amount  up  to  30%  of  the  final  signal. 

Since  there  are  now  two  contradicting  experimental 
results  there  is  still  a  possibility  that  in  spite  of 
all  the  tests,  care  and  attention  which  we  have  given  to 
all  details  that  the  Geiger  and  Mor6n-Le6n  results  are 
right.  Therefore  a  third  experiment  is  presently  under¬ 
way  at  Indiana  University  which  will  provide  the  final 
answer.  We  hope  that  these  results  will  be  available 
at  the  time  of  the  conference.7 
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The  extended  Nunerov  Algorithm  reported  earlier1 
is  used  to  compute  the  scattered  wave  functions  of  elec¬ 
trons  on  selected  target  atoms  in  their  ground  state. The 
extended  Numerov  algorithm  (ENA)  used  in  the  present 
study  satisfies  the  following: 

N+l  N+l 

i11Ai<  Vi-1 +  Vi+i)/(  1  +  6ii>  “  (Ar)  .'jW 
(*Vi-i  +  *Vi+i,/,1  +  «ii,--‘1> 

in  which,  i  is  the  radial  part  of  the  scattered  wave 
function  corresponding  to  a  given  angular  momentum  mmber 
i  and  d  is  the  Kronecker  synbol  and  the  2N+2  values  of 
A^  are  determined  by  inverting  a  matrix  "B"  satisfying 
certain  optimization  conditions  based  on  the  electron- 
atom  interaction  used  to  obtain  the  scattered  wave  funct 
ions.  For  the  selected  target  atoms  He,  Ne,  Ar,  Kr  and  Xe 

the  electron-atcm  interaction  used  is  a  local  form  of  the 

2 

energy-dependent  effective  potential  given  by: 

Ve(r,E)  =  <»0|V|*->+Vp(r,E)+  Vej<(r,E)  +  iV^fr.E)  ....(2) 

in  which  the  first  term  of  the  interaction  potential  is 
computed  from  the  analytic  Hartree-Fock -dementi  3  wave- 
functions  and  is  approximated  in  the  following  form: 
<*o|V|t>--<totZ/r)-I(l/tr-ri)  |»>»(2Z/r)I  Cn (e_F*r) n - (3) 


where  R^. (r,Z)  is  the  appropriate  orbital  function  of 
the  optical  electron  of  tie  target  atom  and  W(E)  is  a 
parametric  function  of  energy  E  (in  Ry  atomic  units) . 

For  Xe  atoms,  the  relativistic  exchange  potential^  is 
used  in  the  form: 

Vex(r,E)=  a(E,r)3(3/8*)1/3p1/3(r)  . (10) 

Where  a(r)=(2/3)+f(r)m|a+b/s(r)|  +  UntB+d+e2)*5  / 

{{(l  +  B2)*5)-  1  ),  @(r)  =  efptr))173  ....(11) 

The  computed  scattered  wave functions  of  electrons  by 
He,  Ne,  Ar,  Kr,  and  Xe  using  the  extended  Numerov 
aliyirithm  shews  considerable  improvement  in  the  accuracy 
over  the  ordinary  Numerov  method  for  incident  energies 
in  the  range  100<  E<  1000  eV  and  for  partial  waves  in 
the  range  0 <l<  15.  A  comparison  of  the  results  obtained 
for  Neon  at  E=100  eV  is  shown  in  Fig. (1) .  Curves  A  and  B 
represent  the  error  in  the  computed  4>(  using  ENA  and 
curves  c  and  D  for  the  Numerov  algorithm  for  p-waves 
using  ah  =  0.1aQ  and  0.2aQ  (  aQ  =  Bohr  radius).  Extension 
of  the  ENA  to  multichannel  matrix  formulation  is  in 
progress  for  selected  target  atoms  in  the  intermediate 
energy  range. 


in  which  a  single  parameter  E  is  used  in  the  exponential 
term  in  Eq. (3) .  TO  determine  this  and  the  coefficients 

4 

Cn  the  following  method  has  been  employed: 

(r/Z)  <*.|V|  ♦>r=r  .=Voi=^Cnx^  =  E  XinCn,  M  <N  . (4) 

E  XinVoi  =  m  BnmSn'  %=  fXinV  . <5> 

"d  Cm=  xin<*olvl*o>r-ri  . (6) 

The  second  term  in  Bq.  (2)  is  the  energy-dependent  polari¬ 
zation  potential  in  which  of  Eq.  (7)  is  the  experime- 
ntal  value  of  the  dipole  polarizability  of  the  target 
atom  and  the  parameter  D  is  determined  so  that  the  total 
cross  section  at  a  selected  incident  energy  of  the  elec¬ 
tron  agrees  with  the  experimental  value  within  5%.  Thus, 

V  <r,E)=  ij/f  r4  +  f  (E,D)  )  . (7) 

For  the  target  atoms  He,  Ne  and  Argon,  the  exchange  inte¬ 
raction  is  represented  by  the  local  energy-dependent  form 
Vex(r,E)  =  (>j><E-'o!V|o>+{  :e-<o|v|o>))2+  8mo  (r)  >**>  - (8) 

where  c (r)  is  the  atonic  electron  density  of  the  target 
atom  in  its  ground  state  and  E  is  the  incident  energy  of 
the  electron.5  The  last  term  in  the  interaction  in  the 
Eq. (2)  is  the  energy  dependent  absorption  potential6 
given  by: 

Vab(r,E)  =  w(e)e2/  {e  *  <0Mo>)  2R2j  (r,Z)  . (9) 


r  (atomic  UNITS  ) 
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ELASTIC  e  -Kr  SCATTERING  USING  MODEL  POTENTIAL 
D.Basu,  S. Dutta,  P.Khan  ana  A. s. Ghosh 
Department  of  Theoretical  Physics 

Indian  Association  for  the  Cultivation  of  Science,  Jaaavpur,  Calcutta  700032,  India. 


Khan  et  alA  have  proposed  a  model  potenti¬ 
al  to  calculate  the  elastic  e“-atom  scattering 
parameters  at  low  incident  energies.  In  the 
case  of  electrons,  their  model  potential  takes 
the  form 


V  =  V 
m  STAT 


+  V  +  V 
+  VPQL  VEX 


where  VSTAT  ,  VpQL  and  VEX  are  the  static,  po¬ 
larization  and  local  exchange  potential  respec¬ 
tively.  The  polarization  potential  VpQL  behaves 
asymptotically  as  -a/2x4,  a  being  dipole  pola¬ 
rizability.  The  short  range  correlation  effect 
is  included  oy  them  via  an  adjustable  parameter 
Their  polarization  potential  reads  as 

~(x/V6  a 

V?GL(x/  '  -(1-e  '  2^4 

where  x,  is  tne  cut-off  parameter  which  is 
adjusted  so  as  to  reproduce  the  p-wave  phase 
shift  for  e'-atom  scattering  at  a  low  incident 
energy.  Following  the  notation  of  Khan  et  al*, 
the  local-excnange  potential  is  written  in  the 
form 


_ i_  f  -i  ( K2  .  *2  ; 

UK  I  2  o  max 


I  Ko  kmax 

<tn  iTTk - 

VKmax 


Vex(r^  =  -  ir[l  (k2o  '  *max; 

xtnl^'^.x  K  k  1 

lKo+kmax  °  maXJ 

The  energy  of  the  electron,K^/2 ,  is  given  by 

id/ 2  =  k2/2  +  K  /2  +  1/  ( l+k^/2  ; ,  1=0 

o  i  max  x 

and 

K2/2  =  k2/2  +  K^jj/2  +  l/(l+Ak2;  ,  It  1 

Khan  et  al1  and  Dutta  et  al2  have  obtained  en- 
+  +; 

couraging  results  for  e”-He  and  e  -Ar  scatte¬ 
ring  using  this  model. 

Here,  we  have  extended  the  method  of  Khan 
et  al^to  calculate  e  -Kr  scattering  at  low  en¬ 
ergies.  The  elaborate  R-matrix  calculations 
have  been  performed  by  Fon  et  al2.  The  results 
of  Fon  et  al2  are  found  to  be  in  good  agreement 

4 

with  the  measured  values  above  8  eV.  We  have 
tuned  our  cut-off  parameter  xc  for  the  p-wave 
phase  shift  at  8  eV  (p-wave  phase  shift  of  Fon 
et  al  at  8  eV  =  -.640  rad,  the  present  results 
=  -.642  rad;.  We  have  also  tuned  the  parameter 
A  to  reproduce  the  s-wave  phase  shifts. 

With  this  model  potential,  we  have  solved 
the  following  differential  equations 


(  a  _  +  v(r;  +  ,u  (r,  =  c 

dr"1  i  1 

by  using  Numerov's  method  with  variaole  step- 
size.  The  lowest  step-size  near  the  origin  is 
1/2048  aQ  . 

Our  results  for  the  s,  p-  and  d-wave  phase 
shift  at  three  energies  are  shown  in  Table  1 
and  the  values  of  the  total  cross  section  are 
shown  in  Taole  2.  Final  results  will  be  presen¬ 
ted  at  the  conference. 

Table  1.  s-,  p-  and  d-wave  phase  shifts  (rad! 


Energy 

(eV; 

s—  p- 

d- 

3 

-0.555  4  -0.2415 

0. 1766 

8 

-1.1116  -0.6428 

0.7830 

Table  2 . 

Total  cross  section 

(0"T,  (10~16  cm2; 

Energy 

(eV; 

3"  cr 

T  T 

(Present;  (Fon  et  al2; 

3 

9.787 

9.779 

8 

26.942 

27 .592 

References 

1  P.Khan,  S. Dutta,  D. Bhattacharyya  and  A.S.Ghodi 
Phys.  Rev.  A29,  3129  (19841. 

2  S.K. Dutta,  s.K.Mandal,  P.Khan  anu  «.S. Ghosh, 
Phys.  Rev.  a  (in  press;. 

2  W.C.Fon,  K.«.Berrinyton  and  A.Hibbert,  J. 

Phys.  B:  «t.  Mol.  Phys.  _17  ,  3279  (  1984;. 

4 

M.S.Dababneh,  w.E.Kauppila,  J.P. Downing,  F. 
baperriere,  V.Pol,  J.H. Smart  and  T.S. Stein, 
Phys.  Rev.  A  22.,  187  2  (19807. 


SCATTERING  OF  ELECTRONS  FROM  ARGON  ATOMS 
Arati  Dasgupta  and  A.  K.  Bhatia 


Laboratory  for  Astronomy  and  Solar  Physics 
NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771 


Recently,  we  successfully  applied  the  method 
of  polarized  orbitals  to  study  scattering  of 
electrons  from  neon^  and  photoionization  of 
atomic  sodium  .  We  have  carried  out  a  similar 
calculation  for  scattering  of  electrons  from 
argon.  But  in  this  calculation,  only  the  3p 
orbital  is  perturbed  and  the  perturbed  orbital 
3p  -s>  d  is  obtained  using  Sternheimer's 
approximation.  The  perturbation  of  the  Is,  2s, 

2p  and  3s  orbital  is  taken  into  account  by 
adjusting  the  perturbed  3p-»d  orbital  to  give  the 
experimental  polarizability  11.06A?. 


The  total  wave  function  for  the  electron-argon 
system  is  constructed  using  this  modified  3p-»d 
orbital.  Phase  shifts  are  calculated  in  the 
exchange,  exchange-adiabatic  and  polarized 
orbital  approximations  and  compared  with  those 
obtained  in  other  calculations.  The  calculated 
differential,  total  elastic  and  momentum 
transfer  cross  sections  are  compared  with  the 
theoretical  and  experimental  results. 
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Theoretical  procedure  based  on  a  two- 
potential  treatment1  of  the  first-order  stat¬ 
ic  and  the  second-order  pol  ariz  at  ion-  abs  or  p- 
tlon  narts  of  the  optical  potential  which 
governs  the  direct  scattering  to  second  order 
in  a  multiple  scattering  expansion  has  been 
used  to  calculate  the  differential  cross 
sections  (313)  for  the  elastic  scattering  of 
electrons  from  argon  atoms  at  a  number  of 
incident  energies  in  the  range  100  to  1000  eV. 
This  treatment  leads  to  the  result  that  under 
reasonable  assumptions  the  direct  scattering 
amolitude  can  be  expressed  as  f_,,p  +  f£-  f^.^, 
where  f,-  is  the  scattering  amplitude  due  to 
the  static  notential,  Vo£),  computed  using  the 
partial  wave  procedure,  and  f^  and  f^^  are 
the  eikonal  scattering  amplitudes  due  to  the 
ontical  and  the  static  potential,  respective¬ 
ly.  In  these  calculations  f^,  and  have 

been  calculated1  using  instead  of  the  usual 
eikonal  wave  function  the  somewhat  better 
31ankenbecler  and  Joldberger  wave  function. 

Ihe  exchange  has  been  included  both  by  the 
Ochkur2  approximation  and  by  the  procedure 
of  Vanderpoortan1 .  For  the  ground  3tate  of 
the  argon  atom  the  wave  function  due  to 
Sheorey1  has  been  used. 

The  calculated  DOo  have  been  compared 
with  th«  experimental  data  of  Jansen^  et  al, 
Williams  and  Willis*  and  Srivastava2  et  al . 

The  results  which  will  be  presented  in  detail 
show  that  the  DOS  calculated  by  this  proced¬ 
ure  are  in  quite  good  agreement  with  the 
experimental  data.  The  procedure  of  Vander- 
ooortan1  for  the  inclusion  of  exchange  contr¬ 
ibution  13  found  to  work  better  in  this  case. 

Financial  support  from  council  of 
Scientific  and  Industrial  Research,  New  Delhi 
for  this  research  work  is  gratefully  acknow¬ 
ledged. 
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ELASTIC  CROSS  SECTIONS  FOR  ELECTRON -ARGON  SCATTERING  IN  THE 
INTERMEDIATE  ENERGY  (300  -  1000  eV)  RANGE*. 

lone  Iga,  Lee  Mu-Tao,  J.C.  Nogueira  and  R.S.  Barbieri* 

Departamento  de  Quimica,  Universidade  Federal  de  Sao  Carlos,  13.560,  Sao  Carlos,  SP,  Brasil 


In  this  communication,  we  report  the  measured 
absolute  values  of  the  differential,  integral  and 
momentum  transfer  cross  sections  for  electron  -Ar 
elastic  scattering  in  the  300  -1000  eV  energy  range. 
In  our  determination,  the  crossed  electron-atom  beam 
technique  has  been  used.  The  beam  of  atoms  was 
obtained  by  flowing  Ar  through  a  cappilary  array*  The 
elastically  scattered  electrons  were  selected  by  a 
Mollenstedt  energy  analyzer ^  and  detected  by  a 
channeltron.  Scattering  angles  were  varied  by  rotating 
the  electron  gun  around  the  atomic  beam  and  the 
angular  range  covered  was  between  -100°  to  +120°. 

The  relative  flow  technique  deve loped  by 

(2) 

Srivastava  et.  al.  was  utilized  to  normalize  the 

differential  cross  sections.  For  this  propose,  the 

3-4 

measured  absolute  cross  sections  of  e  -N2  scattering 
were  used  as  secondary  standards.  The  cross  sections 
obtained  in  this  manner  are  expected  to  be  accurate 

within  162.  Our  measured  cross  sections  are  compared 

3—6 

with  the  experimental  results  of  several  authors  as 
well  as  with  the  theoretical  results  of  Walker^  and 
McCarthy  ct.  al.^  showing  good  agreement.  Some  of  the 
obtained  DCS  are  shown  in  Figure  1. 
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TOTAL  CROSS  SECTION  MEASUREMENTS  FOR  ELECTRON  SCATTERING  FROM  He,  Ar  AND  CH4:  0.1-20  eV 
Stephen  J.  Buckman  and  Birgit  Lohmann 
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Atomic  and  Molecular  Physics  Laboratories,  Research  School  of  Physical  Sciences, 

Australian  National  University,  Canberra,  Australia. 

Absolute  total  cross  sections  for  low  energy  ionization  gauge  remains  constant, 

electron  scattering  have  been  measured  in  helium,  argon  We  have  measured  the  total  cross  section  for 


and  methane  using  a  new  time-of-f light  apparatus.  The 
experimental  apparatus  is  similar  in  design  to  that  of 
Ferch  et  al.*,  but  incorporates  a  different  gating 
method  for  production  of  the  pulsed  electron  beam,  and 
a  somewhat  more  versatile  electron  optical  design. 

The  spectrometer  consists  of  a  250  mm  long  molybdenum 
flight  tube  and  a  series  of  electrostatic  electron 
lenses  and  deflection  elements.  Electrons  emitted 
from  a  tungsten  filament  are  formed  by  the  electron 
optical  elements  into  a  well-defined  electron  beam 
which  is  subsequently  gated  by  sweeping  it  across  a 
small  aperture  with  an  RF  square  wave  pulse 
(100-200  kHz)  applied  to  a  pair  of  deflection  plates. 
Further  electron  optics  are  then  used  to  decelerate 
the  electrons  from  the  gating  energy  of  (typically) 

150  eV,  to  energies  in  the  region  0.1  eV  to  20  eV  when 
they  enter  the  flight  tube.  Magnetic  steering  of  the 
type  used  by  Ferch  et  ai.*  is  not  employed  in  this 
apparatus.  Those  electrons  which  are  not  scattered 
within  the  flight  tube  are  re-accelerated  on  leaving 
the  tube  and  detected  by  a  channeltron.  The  solid 
angle  subtended  at  the  exit  of  the  flight  tube  is  very 
small  (ft/4ir  =  2.2  x  10”5) ,  ensuring  that  the 
contribution  from  forward  scattered  electrons  is 
negligible. 

The  absolute  electron  energies  are  determined 
directly  from  their  measured  time-of-f light ,  obtained 
using  conventional  fast  timing  electronics.  Absolute 
pressure  measurements  within  the  flight  tube  are 
obtained  by  using  a  spinning  rotor  viscosity  gauge. 

The  system  is  evacuated  using  a  330  i/a  turboraolecular 
pump,  resulting  in  base  pressures  of  1.0  x  10"^  mbar. 
During  operation,  with  gas  flowing  to  the  flight  tube, 
the  pressure  within  the  flight  tube,  as  measured  by 
the  spinning  rotor  gauge,  is  greater  by  a  factor  of 
at  least  150  than  the  pressure  in  the  chamber,  as 
measured  by  an  ionization  gauge  in  the  vicinity  of  the 
filament.  The  total  cross  section  is  measured  by 
recording  energy  spectra  with  and  without  gas  in  the 
flight  tube  and  then  applying  the  Beer-Lambert 
attenuation  relation.  When  a  measurement  is  made 
without  gas  in  the  flight  tube,  in  order  to  ensure 
stable  operation  of  the  hot  filament  and  the 
electron  optics  the  gas  flow  is  re-directed  to  the 
chamber  in  such  a  way  that  the  pressure  measured  at  the 


electron  scattering  from  helium  in  the  range  0.1  eV  to 
12  eV,  with  an  overall  uncertainty  (one  standard 
deviation)  of  less  than  3%.  Our  results  are  in 
excellent  agreement  with  a  recent  theoretical 
calculation  due  to  Nesbet^,  and  also  with  recent 
experimental  results* >3.  Measurements  will  also  be 
presented  of  the  total  cross  sections  in  argon  and 
methane,  and  these  results  will  be  compared  with  other 
recent  measurements  and  theoretical  calculations. 

References 

1.  J.  Ferch,  W.  Raith  and  K.  Schrbder, 

J.  Phys.  B:  Atom.  Molec.  Phys.  J_3,  1481  (1980). 

2.  R.K.  Nesbet,  Physical  Review  A  20,  58  (1979). 

3.  R.K.  Jones  and  R.A.  Bonham,  Aust.  J.  Phys.  35 , 

559  (1982). 


'  w."  •  ■  -l*  '■!.*  '-l*  W  U  ■  V.*  J*  ■'7 " •* .  ■_ 


ttt: 


P 


k 


l 

I 

*  . 

« 

l 

►  . 
»  ■ 
.** 

■ 


k: 


F50 


107 


MEASUREMENT  OF  ABSOLUTE  DIFFERENTIAL  CROSS  SECTIONS  FOR  ELASTIC  ELECTRON  SCATTERING  FROM  MERCURY 
G.  Holtkamp,  K.  Jost,  J.  Kessler  and  F.O.  Peitzmann 
Physikal isches  Institut  der  Universitat  Munster,  0-4400  Munster,  W. -Germany 


INTRODUCTION 

Relative  phases  between  scattering  amplitudes  and  the 
ratio  f  /  g  of  their  magnitudes  can  be  determined 
in  "triple  scattering  experiments"  involving  polarized 
electrons  / 1 / ,/2/ .  However,  in  order  to  make  the  deter¬ 
mination  of  scattering  amplitudes  complete,  one  needs 
their  individual  magnitudes,  which  can  be  determined 
by  measuring  the  differential  cross  section  f,2  +  gi2 
additionally.  Up  to  now,  for  mercury  the  absolute  dif¬ 
ferential  cross  section  has  only  been  measured  at 
300eV ,  400eV  and  500eV  /3/,  i.e.  scarcely  overlapping 
with  the  energy  range  from  18eV  to  360eV,  where  data 
of  triple  scattering  experiments  exist.  Furthermore 
these  cross  section  measurements  / 3/  concentrate  on 
small  scattering  angles,  whereas  the  spin  effects  in 
triple  scattering  experiments  occur  at  large  angles. 
Therefore  it  is  planned  to  extend  the  measurements  of 
aDsolute  differential  cross  sections  both  to  lower 
energies  and  to  larger  scattering  angles.  Nevertheless, 
small  scattering  angles  will  be  measured  as  well,  be¬ 
cause  the  differential  cross  section  itself  is  a  sensi¬ 
tive  tool  to  explore  the  validity  of  theories  apart 
from  its  utility  for  the  above  purposes. 

EXPERIMENTAL  METHODS  AND  RESULTS 

It  is  planned  to  perform  measurements  by  means  of  two 
different  methods;  the  first  one  employs  a  static  gas 
target  and  the  second  one  utilizes  an  atomic  beam  tar¬ 
get.  This  redundant  determination  of  differential  cross 
sections  should  facilitate  to  judge  their  reliability. 

Static  gas  target.  The  setup  and  the  procedure  for 
measurements  of  this  kind  are  described  by  Bromberg 
/ 3/ .  Inelastical ly  scattered  electrons  are  removed  from 
the  scattered  beam  by  a  simulated  spherical  analyzer 
/ 4/  before  detecting  the  elastically  scattered  elec¬ 
trons,  appropriate  tests  ensure  a  transmission  of 
unity.  In  order  to  obtain  absolute  differential  cross 
sections,  one  has  to  measure  the  primary  and  scattered 
electron  currents  at  various  target  densities  for  each 
scattering  angle  and  each  energy.  The  target  densities 
are  determined  via  pressure  and  temperature  measure¬ 
ments.  Furthermore,  the  relevant  geometrical  dimensions 


which  determine  the  solid  angle  of  detection  must  be 
known  accurately.  Extrapolation  of  a  set  of  data  points 
to  zero  target  density  yields  the  desired  quantity. 
Preliminary  results  will  be  shown  at  the  conference 
together  with  other  data  /3/,/5/  and  /6/. 

Atomic  beam  target.  In  contrast  to  the  above,  this 
method  has  the  advantage  of  having  a  scattering  volume 
independent  of  scattering  angle,  provided  the  atomic 
beam  diameter  in  the  scattering  plane  is  small  enough 
to  be  "seen”  completely  by  the  detection  system.  Be¬ 
cause  of  the  difficulty  of  determing  absolute  target 
densities  within  an  atomic  beam,  this  method  yields 
at  first  only  relative  elastic  differential  cross 
sections.  However,  this  fault  can  be  repaired  by 
measuring  additionally  the  inelastic  processes  as 
described  in  /7/.  Integrating  procedures  with  respect 
to  energy  luss  and  scattering  angle  yield  a  total 
cross  section,  which  is  still  relative,  indeed,  but 
which  can  be  fitted  to  an  absolutely  measured  total 
cross  section  /&/.  By  applying  this  fitting  factor 
to  the  relatively  measured  elastic  and  inelastic 
differential  cross  sections,  each  of  them  is  brought 
to  an  absolute  scale. 
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The  differential  cross  sect  ions  ( DCS )  of  el**rtrons 
from  Xo  have  been  measured  using  a  crossed  b»-am  method 
at  incident  energies  of  5  to  200  eV  and  angular  range 
between  1CP  to  125°  .  The  electron  spectrometer  consists 
of  a  hemispherical  electron  monochromator  and  the  same 
type  of  analyzer.  The  energy  and  angular  resolution  o! 
the  spectrometer  are  typically  50  m  eV  and  t  2°  respec¬ 
tively.  Absolute  values  of  the  elastic  DCS  are  given  by 
normalizing  the  relative  values  to  the  absolute  elastic 
DCS  for  He*  with  the  relative  flow  technique^.  The 
absolute1  DCS  for  inelastic  scattering  is  determined 
normalizing  the  relative  value  to  the  absolute  elastic 
DCS  obtained  with  the  method  above.  Fig.  1  shows  the 
present  results  of  elastic  DCS  for  Xe  with  the  experi¬ 
mental  results  of  Williams  and  Crowe^,  and  the 
theoretical  results  of  McCarthy  et  al.4,  and  McEachran 
and  Stauffler^.  In  Fig.  2,  integral  cross  sections 
for  elastic  scattering  are  shown  along  with  the 
expr i mental  results  of  Williams  and  Crowe,  and  the 
calculations  of  McCarthy  et  al.  Also  are  shown  the 
total  cross  sections  measured  by  Wagenaar  and  do  Heerb, 
and  Dababneh  et  al . 1  for  the  comparison  at  low  impact 
energies.  Fig.  3  shows  the  energy  loss  spectrum  at  an 
electron  energy  of  30  eV  and  an  electron  scattering 
angle  of  30°,  The  inelastic  DCS  for  the  6sl 1  1/2]®, 
fas' i 1/2]®  and  /sll  1/2  J®  excitations  will  be  reported. 
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Fig.  1.  Differential  cross  sections  for  elastic 

scattering  as  a  function  of  scattering  annle 
at  30  eV.  O  This  work,  ^Williams  and  C'rowe 
(1975)  ,  — •  McCarthy  et  al.  (1977),---- 
McEachran  and  Stauffer  (1984). 
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AN  11-STATE  CALCULATION  OF  THE  ORIENTATION,  \  AND  ALIGNMENT  X  PARAMETERS 
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The  first  results  of  an  R-matrix  electron  helium 
scattering  calculation,  in  which  the  eleven  lowest  target 
states  are  included,  were  reported  by  Freitas  et  alu 
(1984) .  In  that  paper  a  series  of  Feshbach  resonances 
arising  from  the  coupling  to  the  n*2  and  n=3  states  were 
presented.  In  a  subsequent  calculation(Berrington  et  al * 
(1985)  the  authors  confirm  the  preliminary  finding  that 
the  explicitly  inclusion  of  the  n*3  target  states  can 
have  a  significant  effect  on  the  excitation  cross  section 
for  transitions  from  the  ground  state  to  the  n*2  levels 
at  electron  energies  between  the  n*2  and  n=3  levels. 

The  study  of  the  electron-photon  angular 
correlations  is  well  recognised  as  a  valuable  technique 
in  the  investigation  of  electron  excitation  processes. 

In  particular  for  the  1*S  -*•  2*P  electron-helium 
excitation  there  have  been  many  theoretical  and 
experimentally  studies  of  electron-photon  angular 
correlations.  The  aim  of  the  present  communication  is  to 
present  orientation  A  and  alignment  x  parameters  for  the 
l^S  2^P  excitation  process  obtained  from  our  11-state 
R-matrix  calculations. 

Figure  1  gives  our  A  parameter  for  a  range  of 
energies  between  the  2*P  threshold  (21.22  eV)  and  the 
3*P  threshold  (23.09  eV) .  At  the  2*P  threshold  A=1  at 
all  angles  of  scattering,  as  the  electron  energy 

increases  A  decreases  in  a  regular  way  at  all  scattering 

2  e 

angles.  However  in  the  region  of  the  S  threshold 
(22.44  eV)  A  can  vary  significantly  if  the  electron 
energy  is  varied  by  as  little  as  0.01  eV.  Our  theoretical 

values  of  x  are  given  in  Fig.  2,  x  also  varies  rapidly 

2  e 

with  energy  in  the  region  of  the  S  resonance. 

Fig.  1  and  2  also  compare  our  present  11-state 
results  for  A  and  x  with  observations  of  Crowe  et  al3 


Fig.  1 

ELECTRON  ENERGY  (eV) 


Exp.  (ref.  3) 


Q  24  eV 
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CROSS  SECTIONS  AND  COINCIDENCE  PARAMETERS  FOR  EXCITATION 
OF  THE  n\  (n  =  2,  3,  4)  STATES  OF  HELIUM 
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G.  Csanak  and  D.  C.  Cartwright. 

University  of  California,  Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545  (USA) 


Although  a  substantial  amount  of  theo¬ 
retical  research  has  been  reported1  on  the  elec¬ 
tron-impact  excitation  of  helium  from  its  ground 
electronic  state,  a  theory  that  can  be  used  to 
obtain  differential  and  integral  cross  sections  in 
good  agreement  with  experimental  data,  for  all 
transitions  and  energies  below  the  Born-region, 
has  not  yet  been  developed.  The  close-coupling 
formulation  works  well  for  treating  the  resonance 
processes  near  the  n  =  2  and  3  thresholds,  but 
becomes  less  accurate  for  energies  above  the  first 
ionization  threshold  because  the  number  of  open 
channels  that  can  be  included  must  be  restricted 
due  to  practical  computer  limitations.  Previous 

calculations  for  electron-impact  excitation  of  the 

2  3 

lowest  electronic  states  of  helium,  neon,  and 

4 

argon,  based  on  the  first-order  many-body 
theory  ( FOMBT  ),^  produced  results  that  agree 
reasonably  well  with  experiment  for  incident  elec¬ 
tron  energies  from  about  30  to  100  eV.  This 
previous  research  using  FOMBT  is  being  extended 
to  higher  principal  quantum  numbers  and  a  wider 
range  of  incident  electron  energies  in  order  to 
compare  with  recent  experimental  results. 

Differential  and  integral  cross  sections  for 
excitation  of  the  n\  (n  =  2,  3,  4,  5)  states  of 
helium,  from  the  ground  electronic  state  OS)  and 
using  the  FOMBT,  will  be  reported.  Differential 
cross  sections  obtained  using  the  FOMBT  for  exci¬ 
tation  of  the  n  =  2  states  of  helium  agree  well  with 
previously  reported  results  (Fig.  1).  The 
electron-photon  coincidence  parameters,  A  and 
will  also  be  reported  for  the  excitation  of  the  2'P 
and  3'P  states  at  energies  not  reported  before,  but 
for  which  recently  experimental  results  have  been 

C 

obtained  and  R-matrix  theory  calculations  have 
been  reported.^ 
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Although  the  majority  of  electron-photon  coincidence 
experiments  have  involved  He(2*P)  excitation,  there  is 
only  one  example*  in  the  literature  where  this  was 
studied  using  the  polarization  correlation  rather  than 
the  complimentary  angular  correlation  technique.  This 
has  been  because  of  the  more  favourable  signal  strengths 
when  using  the  latter  technique.  Even  in  the  single 
example  cited*  a  full  Stokes’  parameter  analysis  was  not 

possible  because  a  circular  polarization  analyser  was 

2 

not  available.  Recently  Williams  has  reported  measure¬ 
ments  of  the  circular  polarization  at  an  electron  energy 
of  81.2  eV  and  scattering  angles  of  +10°  and  +90°. 

Excitation  of  the  3*P  state  may  be  studied  via  the 
3*P  -  2*S  decay  at  501.6  nra  and  recently  Ibrahim  et  al.^ 

have  extended  the  earlier  polarization  correlation 

6 

analysis  of  Standage  and  Kleinpoppen  to  larger  scat¬ 
tering  angles.  In  both  cases  the  incident  electron 
energy  was  80  eV. 

The  significance  of  the  circular  polarization  mea¬ 
surements  are  that  they  establish  the  sign  of  the 
orbital  angular  momentum  transfer  <L>  in  the  collision 
or,  equivalently,  of  the  atomic  orientation  or  of  the 
relative  phase  parameter  x*  Following  the  initial  work 
of  Kohmoto  and  Fano^  who  recognized  that  the  sign  of 
<L>  was  related  to  the  attractive  or  repulsive  nature 
of  the  effective  interaction  potential,  considerable 
discussion  on  this  point  has  occurred  in  the  literature. 

A  discussion  with  references  to  earlier  work  has  been 

4 

given  recently  by  Andersen  et  al.  . 

We  have  now  added  a  circular  polarization  analyser 
and  are  in  the  process  of  carrying  out  a  comprehensive 
series  of  linear  and  circular  polarization  measurements 
covering  a  variety  of  incident  electron  energies  and 
scattered  electron  angles.  Full  details  of  these  will 

be  presented  at  the  conference  but  initial  measurements 

2 

confirm  the  trends  noted  previously  . 

The  polarization  analyser  consists  of  two  flat 
gold-coated  reflectors.  The  angle  of  incidence  is 
chosen  on  the  one  hand  to  maximize  the  linear  polari¬ 
zation  sensitivity  of  the  device  when  operated  as  a  two- 
reflector  linear  polarizer  as  in  our  earlier  work  , 
and  on  the  other  to  give  the  necessary  tt/2  retardation 
between  the  two  reflected  components  when  operated  ir 
the  circular  polarization  analysis  mode.  In  this  latter 
mode  the  plane  of  incidence  of  the  first  reflector  is 
rotated,  relative  to  the  incident  electron  direction, 
through  an  angle  <J>  defined  by 


tan  2$  m  -Sj/S2 

where  and  are  the  two  linear  Stokes  parameters. 

The  second  reflector  is  capable  of  rotation  about  an 
axis  defined  by  the  reflected  beam  from  the  first, 
using  a  stepper  motor  attached  to  the  device.  Measure¬ 
ments  taken  with  the  plane  of  incidence  of  this  second 
reflector  at  +45°  to  that  of  the  first  yields  the  third 
Stokes  parameter  (circular  polarization)  directly. 

Full  details  of  the  performance  and  use  of  this  device 
have  been  given  by  Westerveld  et  al.^  and  will  be 
illustrated  at  the  conference. 

This  work  was  supported  by  the  Natural  Sciences 
and  Engineering  Research  Council  of  Canada  (NSERC). 

References 

1.  K. H.  Tan,  J.  Fryar,  P.S.  Farago  and  J.W.  McConkey, 

J.  Phys.  B  22,  1073  (1977). 

2.  J.F.  Williams,  Abstr.  13th  ICPEAC,  Berlin,  132 
(1983). 

3.  M.  Kohmoto  and  U.  Fano,  J.  Phys.  B  \A,  L477  (1981). 

4.  N.  Andersen,  I.V.  Hertel  and  H.  Kleinpoppen,  J. 

Phys.  B  17,  L9t)l  (1984). 

5.  K.S.  Ibrahim,  H.A.  Silim,  H-J.  Bever,  H.  Kleinpoppen, 
I.  McGregor  and  L.C.  McIntyre,  Abstr.  9th  I.C.A.P., 
Seattle,  B46  (1984). 

6.  M.C.  Standage  and  H.  Kleinpoppen,  Phys.  Rev.  Letts. 
36,  577  (1976). 

7.  W.B.  Westerveld,  K.  Becker,  P.  Zetner,  J.J.  Corr 
and  J.W.  McConkey,  App.  Opt.  in  press  (1985). 


fcsY*  V  a  v* 

•  .sV'V-YV' 

L.viuV.r. 


V.  *•  *  -  *  *  -V 

-v/.-v-v-'C- 
•,-VVV'V 
i  apt  a 


'.-■V 

v'-V- 


p 


iT  '  «■'  ; 


ELECTRON  IMPACT  EXCITATION  OF  THE  3  P  STATE  OF  HELIUM 


J  F  Williams  and  I  Humphrey 

Department  of  Physics,  University  of  Western  Australia,  Nedlands,  WA  6009 


Electron-photon  angular  and  polarization  corre¬ 


lations  have  been  measured  to  determine  the  density 


matrix  (multipole  moments)  of  the  3  P  state  of  helium 
excited  in  the  collision  process 


e(E  )  +  He(ls2  1S)  -*■  He(ls3p3P)  +e(E  -  23.0  eV) 


3889°A  He(ls2s3S) 

The  measurements  require  (i)  the  detection  of  the  inci¬ 


dent  electrons  scattered  through  an  angle  0  and  losing 
3  .  e 


the  3  P  excitation  energy;  (ii)  the  linear  and  circular 
polarization  analysis  of  the  emitted  photons;  (iii)  the 
time  coincidence  identification  of  those  electrons  (i) 
and  photons  (ii)  originating  from  the  same  atom;  and 
then  (iv)  the  dependence  of  the  angular  and  polarization 
correlation  of  the  coincidence  signal. 

Figures  will  be  presented  at  the  conference  as 
follows. 

Figure  1  will  show  the  coordinate  system  and 
illustrate  the  experimental  system. 

Figure  2  will  show  energy  loss  spectra  for  (i)  an 


incident  energy  Eq  of  48.0  eV  and  0^*45°  and  (ii)  Eq  = 


23.7  eV  and  Ge-70o.  Curve  (i)  shows  the  dominance  of  the 


2  P  cross  section  at  an  energy  26.8  eV  above  the  thres¬ 
hold  while  curve  (ii)  shows  the  appreciable  size  of  the 
n=3  triplet  states  at  an  energy  about  0.7  eV  above 

threshold  and  at  0  *70°. 

e 

Figure  3  will  show  the  linear  polarization  of  the 


3889°A  radiation  from  the  3'*P-+2'*S  transition. 


Figure  4  will  show  a  typical  (e,hv)  time  coinci- 

enfK'frnm  fnr  F  =  AH  pU  A  sAH® 


dence  spectrum  for  Eq=  40  eV,  0e=4O°. 


Figure  3  will  show  an  enlarged  section  of  the  true 
coincidence  region  but  with  better  statistics.  The 

3 

exponential  decay  results  from  the  lifetime  of  the  3  P 
state  which  is  determined  from  each  coincidence  spectrum. 
The  spectrum  of  figure  3  yields  a  lifetime  of  97.8+3.2 
nsec.  The  average  lifetime  from  a  number  of  such 
spectra  is  101.8+2.5  nsec.  The  weighted  mean  of  the 
best  values  in  the  literature  is  107.3+2.1  nsec. 

Figure  6  will  show  the  total  area  under  the  true 
coincidence  peak  yields  the  total  number  of  (e,hv) 
coincidence  pairs  for  a  given  Eq  and  ^  for  a  given 
linear  or  circular  polarization  angle,  i,  that  is  one 
data  point.  The  measurement  has  been  repeated  for 
various  values  of  -t  to  produce  the  data  of  figure  7. 

The  data  have  been  analyzed  as  follows.  The 
energy  eigenstates  of  an  atom  at  time  t  are 

l^(t)>  -  T.  ak(JFM  )|JIFM  >exp(- t  t)exp(-iEt/f?) 

JFMp  F  F  2 


and  the  transition  probability  rate  to  the  final  state 


|^{>  is 


w(t)  =  ^  |<*  |H|<Kt)>|  p(E  )=-f  E  e  p  E  ,(-ir 

MM1  -M  MM1  -M1 


1 

1 

a. 

p10 

c. 

p0-l 

0 

0 

a 

P01 

pl-l 

0 

1 

a 

P11 

For  P *S  transitions  and  the  above  geometry 


w(t)=a(pn+  j5Pqo>  +  <’Pii  "  ^Pqq)  sin2£~  /2Im^10cos26 


Using  the  parametrization o  *Pqq  +  2p^  and  X  »  Pqq/c  and 


p10  *  !piolexp(i>) 

then  w(t)  *  ^  { l+(l-2A)sin2£  -  2X(l-X)sinxcos2£) 


=  a  sinusoidal  function  with  unknowns  X  and 

sinx. 

The  bars  denote  averages  over  the  hyper fine  structure 
and  the  excited  state  may  contain  an  incoherent  mixture 
of  pure  states.  The  measured  polarization  correlation 
and  the  fitted  sinusoidal  function  are  shown. 


Figure  7  will  show  the  derived  parameters  of  X  and  x 


as  well  as  the  Stokes  parameters  and  which  are 


w(t)p=0  '  U(t)e-Tl/2  r7.i  -7— 

n2  -  w(t)0,n  +  w(tK  „  ■  -«2{X(1-'3'  Sin* 


3  w(t)B-3»/4  +  w(t)S-V4 


2uj (2A-1 ) 


Uj( \(l-I)rcosy  where  ctj  *  15/82  and  =  54/41 


2  2  2 

For  pure  states  ^  *  1  but  for  triplet 


states  the  most  coherent  observation  possible  yields 
2  2  2 

Hi  +  ^2  +D3  <  1  where 


nl2  +  r,22  +  n32  =  4al2+  °’22  '  16aj2)(sin2X)Ml-X) 


‘  0.  1338+  1.1993  sin  y  [>(!-')] 


There  are  no  theoretical  or  experimental  values  for 
comparison.  Further  measurements  are  being  made  to 


improve  the  statistical  accuracy  to  test  the  coherency 
3 


condition  for  the  3  P  sub-states  and  the  dynamical 
behaviour  of  the  \  and  /  parameters. 


*  Now  at  Princeton  University,  NJ 
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ANGULAR  CORRELATIONS  IN  THE  ELECTRON  IMPACT  EXCITATION  OF  SODIUM 

J.L.  Riley,  P.J.O.  Teubner,  J.E.  Furst  and  M.J.  Brunger 

School  of  Physical  Sciences,  The  Flinders  University  of  South  Australia, 
Bedford  Park,  South  Australia  S042,  Australia 


The  most  commonly  used  procedure  in  experiments 
involving  electron  photon  coincidence  techniques  in 
atomic  physics  is  to  measure  angular  correlations. 

That  is  the  coincidence  count  rate  is  measured  as  a 
function  of  the  angle  of  emission  of  the  photon  in  the 
scattering  plane.  The  data  derived  from  such 
experiments  have  proven  to  be  a  sensitive  test  of  the 
theory  of  electron  collisions  with  atomic  hydrogen 
and  with  helium  (see  for  example  the  review  article  by 
Blum  and  Kleinpoppen1  and  references  therein). 

The  theory  of  angular  correlation  experiments  has 
been  developed  by  Macek  and  Jaecks2  for  the  general 
case  of  an  atom  which  radiates  under  LS  coupling  rules. 
This  theory  can  be  applied  to  the  excitation  of  the 
32P  state  in  sodium  and  demonstrates  that  the  angular 
correlation  is  essentially  isotopic.  Here  the 
isotopy  arises  from  the  depolarising  influence  of  the 
unresolved  HFS  in  the  excited  state.  Nevertheless 
it  has  been  proposed3  that  angular  correlations  can 
be  used  to  derive  scattering  parameters  for  the 
excitation  of  the  state. 

We  present  the  first  angular  correlation  to  be 
measured  in  the  electron  impact  excitation  of  sodium. 
The  incident  electron  energy  was  54.4eV  and  the 
electron  scattering  angle  was  5°.  The  deduced  values 
of  the  parameters  A  and  cos  x  wi 1 1  be  presented  and 
compared  with  those  derived  from  a  coincidence 
experiment  using  a  polarised  photon  technique. 

We  conclude  that  the  polarised  photon  technique 
is  superior  because  not  only  does  this  technique 
contain  more  information  in  principle  but  it  also 
has  demonstrable  experimental  advantages. 

We  also  present  an  analysis  of  the  experimental 
limitations  in  coincidence  experiments  in  sodium. 

We  find  that  apart  from  the  well  known  role  played  by 
the  window  width1*,  the  major  influence  of  the  ratio 
limits  the  use  of  coincidence  experiments  in 
the  excitation  of  sodium  to  scattering  angles  less  than 
15°  at  energies  in  excess  of  12eV.  Here  Q  is  the 
total  cross  section  for  the  excitation  of  the  state  and 
o  the  differential  cross  section.  In  addition  we 
present  an  analysis  of  the  factors  affecting  the  timing 
resolution  in  coincidence  experiments.  Results  which 
demonstrate  the  dominant  role  played  by  the  geometry 
of  the  electron  spectrometer  will  be  presented.  These 


results  confirm,  in  part,  the  predictions  of  Volkel 
and  Sandner5. 
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THE  DIFFERENTIAL  CROSS  SECTION  FOR  ELECTRON  EXCITATION  OF 
THE  3'P  (m  =  0)  STATE  OF  HELIUM* 

D.J.  Burns,  N.W.P.H.  Perera,  B.N.  De  and  C.R.  Hunmer* 

Behlen  Laboratory  of  Physics,  University  of  Nebraska, 
Lincoln,  Nebraska  68588,  USA 

The  differential  cross  section  for  excitation  of 
the  3'P  (m^  *  0)  state  in  helium  by  electrons  has  been 
investigated  for  a  range  of  scattering  angles  and  for 
incident  energies  up  to  80  eV.  This  was  done  by 
detecting  the  inelastically  scattered  electrons  in 
coincidence  with  501.6  nm  photons  that  are  emitted  when 
the  state  decays  to  the  2'S  level.  The  electrons  are 
detected  by  an  analyser  consisting  of  a  series  of  zoom 
lenses,  a  hemi -spherical  energy  selector  and  a 
multichannel  plate.  The  detection  geometry  is  such 
that  the  photons  are  detected  by  a  non-polarizing 
filter  and  detector  located  in  the  scattering  plane  and 
at  90°  to  the  electron  beam  axis.  For  this  arrangement 
the  coincidence  rate  at  a  given  scattering  angle  is 
proportional  to  oo(e),  the  differential  cross  section 

of  m  =0. 

i 

It  has  been  found  that  the  coincidence  rate  must 
be  normalised  to  the  scattered  electron  counts,  rather 

than  the  photon  counts.  This  necessitates  measuring 
the  relative  differential  cross  section  for  the  n  *  3 
manifold  of  states  at  each  impact  energy.  This  is 
obtained  from  analysis  of  the  energy-loss  spectrum 
at  each  scattering  angle  and  is  a  by-product  of  our 
measurements. 

Measurements  over  an  incident  energy  range  from 
40  -  80  eV  will  be  presented  for  angles  from  10°  to  60°. 

Results  will  be  compared  with  a  series  of  model 
2 

calculations  by  Madison  and  others.  So  far,  our  data 
agrees  best  with  a  theoretical  model  in  which  the 
calculation  of  the  distorted  waves  uses  an  excited 
state  potential  in  both  channels,  instead  of  the  ground 
state  potential. 

*Work  supported  by  the  National  Science  Foundation. 

+Present  address:  Department  of  Physics  U-46, 

University  of  Connecticut,  Storrs,  Connecticut  06268. 
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ELECTRON- VISIBLE  PHOTON  ANGULAR  CORRELATIONS  FOR  THE  3  »P  STATE  OF  HELIUM 
EXCITED  BY  LOT  ENERGY  ELECTRONS 

P  A  N.ill  and  A  Crowe 

Department  of  Pure  and  Applied  Phyelce,  The  Qneen’e  University  of  Belfaet, 
Belfast,  United  Kingdom 
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Host  previous  angular  correlation  studies  of 
excitation  of  the  3 *P  state  of  heliua  have  been  nede  by 
observation  of  the  scattered  electrons  in  coincidence 
with  the  S3. 7  nai  VUV  radiation  eaitted  in  decay  to  the 
ground  state*  Eainytn  et  al1,  Crowe  et  a  1^ ,  Gelebart  et 
a  1^  md  McAdaas  and  Villiaas*.  Such  aeasureaents  are 
only  valid  under  conditions  where  the  31S  and  3lD 
differential  cross  sections  are  negligible  coapared 
with  that  for  the  3XP  state.  These  three  states  cannot 
easily  be  resolved  in  the  scattered  electron  channel. 
The  decay  of  the  3&S  and  3*D  states  to  2XP  is  followed 
by  eaission  of  58.4  na  VUV  radiation  as  it  decays  to 
the  ground  state.  In  the  photon  channel  this  radiation 
cannot  readily  be  isolated  froa  the  S3 .7  na  radiation 
without  the  unacceptable  loss  of  intensity  and  possible 
polarisation  effects  of  a  VUV  aonochroaator  and  hence 
these  states  contribute  to  the  observed  coincidence 
signal.  van  Linden  van  den  Heuvell  et  al*  have 
deconvoluted  the  3 *P  and  3*D  contributions  to  their 
observed  signal*  but  the  statistical  uncertainty 
associated  with  aeasureaents  of  this  type  hinders  the 
accuracy  of  the  resulting  angular  correlation 
paraaeters. 
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This  problea  can  be  avoided  by  observing  the  501.6  na 
photons  due  to  the  decay  of  the  3*P  state  to  the  2*S 
state.  The  only  previous  aeasureaent  of  this  type  was 
reported  by  Eainyan  et  al*  at  an  incident  electron 
energy  of  80  eV  and  for  electron  scattering  angles  8e  < 
3  0°.  The  experiaent  of  Standage  and  Kleinpoppen*  in 
which  the  polarisation  state  of  this  photon  was 
deterained  gives  equivalent  inforaation.  The 
disadvantage  of  the  visible  photon  detection  is  the 
large  branching  ratio  (40:1)  in  favour  of  the  ground 
state  decay. 

In  this  laboratory  angular  correlations  between 
scattered  electrons  and  501.6  na  photons  have  been 
aeasured  over  a  wide  range  of  incident  electron 
energies  and  scattering  angles  using  the  apparatus  of 
Crowe  et  al?  with  the  VUV  photon  detector  replaced  by  a 
phot oaul tipi ier. 

Data  will  be  presented  for  incident  electron  energies 
in  the  range  29.6  eV  to  80.0  eV. 
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ELECTRON  IMPACT  EXCITATION  OF  THE  4p5(2P3/2)  5*  3PX  AND 
4p5(2Pi/2)  5*  XP!  STATES  OF  KRYPTON 

S  J  King,  P  A  Neill  and  A  Crowe 

Department  of  Pure  and  Applied  Physics,  The  Queen's  University  of  Belfast, 
Belfast,  United  Kingdom 


Excitation  of  the  lowest  lying  excited  states  of 
krypton,  viz  4p*  (*PS^,)  5s  *P1  and  4p*(*P1^a)  5s  1P1, 
have  been  studied  using  the  scattered  electron-photon 
angular  correlation  technique.  Compared  with  the 
situation  in  lighter  atom,  the  analysis  of  these 
angular  correlations  aay  be  coaplicated  by  the  presence 
of  spin-orbit  coupling  effects.  Blun  et  al*  and  da 
Paixao  et  al2  have  shown  that  the  angular  correlations 
for  excitation  of  a  J  =  1  froa  a  J  =  0  state  for  heavy 
atom  in  the  presence  of  spin-orbit  coupling  can  be 
characterised  by  four  independent  parameters  (X,  X  ,  «, 
A)  compared  with  only  two  (X,  X )  for  an  LS-coupled 


Experimentally,  X,  X  and  e,  where  cos  X  *  cos  X  cos 
A,  can  be  determined  by  measuring  two  independent 
angular  correlations.  We  have  chosen  to  measure  one 
angular  correlation  in  the  scattering  plane  and  a 
second  over  a  conical  surface,  the  axis  of  the  cone 
being  perpendicular  to  the  scattering  plane.  This 
allows  both  angular  correlations  to  be  determined 
simultaneously.  Details  of  the  experimental 
arrangement  will  be  presented  together  with  the 
analysis  which  enables  X,  X  and  e  to  be  determined. 


The  only  other  angular  correlation  data  for  these 
states  have  been  presented  by  McGregor  et  al3  at  36  and 
60  eV  for  scattering  angles  of  20°  and  30°,  and  by 
Nishimura  et  al*,  at  energies  in  the  range  40  to  80  eV 
and  scattering  angles  <  30°.  The  only  common  data  from 
these  two  groups  is  that  measured  at  an  incident 
electron  energy  of  60.0  eV  and  electron  scattering 
angles  of  20°  and  30°.  There  are  large  differences 
between  the  data. 

Figure  1  shows  the  angular  correlation  measured  in 
the  scattering  plane  for  the  *P  state  by  McGregor  et 
al3  and  Nishimura  et  al*.  It  can  be  seen  that  they 
have  nearly  opposite  phases.  The  correlation  measured 
in  this  laboratory  is  not  in  agreement  with  either  of 
the  previous  correlations.  Further  data  from  this 
laboratory  at  60  eV  and  over  a  range  of  electron 
scattering  angles  will  be  presented,  together  with 
arguments  for  its  preference  over  the  previous  data  and 
a  comparison  with  very  recent  calculations3. 
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Fig  1:  Angular  correlations  measured  in  the  scattering 
plane  for  the  4pI(2Pl^1)  5s  2Pa  state  of  krypton 
for  an  incident  electron  energy  of  60  eV  and  a 
scattering  angle  of  20°.  The  dot-dash  line  is 
from  McGregor  et  al3  .  The  dashed  correlation  is 
calculated  from  the  X,  X  and  e  values  of  Nishimura 
et  al*.  The  data  shown  is  from  this  laboratory 
and  the  full  line  is  a  fit  of  the  appropriate 
angular  correlation  function  to  that  data. 
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MEASUREMENT  OF  SPIN  EXCHANGE  AMPLITUDES  IN  ELECTRON 
IMPACT  EXCITATION  OF  THE  33P  STATE  OF  HELIUM 

H  A  Silim,  H-J  Beyer,  A  El-Sheikh  and  H  Kleinpoppen 

Atomic  Physics  Laboratory,  University  of  Stirling,  Stirling  FK9  4LA ,  Scotland 


We  have  carried  out  for  the  first  time  a  polarization 
correlation  measurement  on  the  33P  state  of  He  excited  by 
electrons.  60  eV  electrons  are  selected  by  a  127°  mono¬ 
chromator  and  crossed  with  the  He  beam.  Scattered  elect¬ 
rons,  having  lost  the  energy  corresponding  to  the  excit¬ 
ation  of  any  of  the  n=3  states,  are  observed  through  a 
127°  analyser  and  the  decay  light  of  the  33P  state  (3889A) 
is  detected  at  right  angles  to  the  scattering  plane 
through  an  interference  filter  and  analysed  for  linear  and 
circular  polarization.  An  example  of  the  time  correl¬ 
ation  spectrum  between  the  scattered  electrons  and  the 
photons  is  shown  in  figure  1  (polarization  analysers 
removed) .  The  long  lifetime  of  the  33P  sta  .e  of  95  psec 
results  in  a  correspondingly  wide  coincidence  signal  and, 
therefore,  a  large  number  of  background  coincidence  counts 
below  the  peak.  This  necessitates  long  measuring  times 
(typically  24h  per  signal) . 

From  the  polarization  correlation  signals  the  Stokes  para¬ 
meters  of  the  light  are  determined  for  each  electron 
scattering  angle.  These  are  related  to  the  scattering 
parameters  of  the  excitation  process  in  the  same  way  as 
for  the  AP  states  1 /2 .  However,  the  fine  structure  of 
the  3P  states  causes  considerable  depolarization  of  the 
states  between  the  excitation  and  the  emission  of  the 

light.  The  depolarization  factors  G  can  be  calculated 
2 

from  Blum  and  Kleinpoppen  ,  and  are  G  =  15/41  for  the 
linear  and  G  =  27/41  for  the  circular  polarization  Stokes 
parameters.  Using  the  parameters  a  (corresponding  to  X 
in  the  *P  case)  and  y  (corresponding  to  x  in  the  XP  case) 
we  obtain: 

ni  -  (I45'I135) /,(I45+I135)  =  -(30/41)  /a(l -a)  cosy 

H2  =  -<1-1  )/(I  +IJ  »  (54/41)  /a  ( 1-a)  siny 
L  R  L  R 

n,  -  U0-I9Q)/(VI90)  =  (15/41)  (2.-1) 

a  and  y  have  been  derived  from  the  measured  Stokes  para¬ 
meters  and  preliminary  results  are  shown  in  figures  2  and 
3 .  No  theoretical  values  are  available .  It  should  be 
noted  that  in  contrast  to  the  3P  case  where  the  underlying 
scattering  amplitudes  contain  contributions  from  both 
direct  and  exchange  processes,  the  3P  scattering  amplitudes 
are  pure  spin-exchange  amplitudes ,  and  thus  measurements 
on  the  3P  states  allow  very  specific  tests  of  the  scatter¬ 
ing  theory. 
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Figure  1 .  Time  correlation  spectrum  between  electrons 
scattered  by  40°  and  33P-»-23S  decay  light.  Time  per 
channel  1.6  nsec;  accumulation  time  18h. 
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POLAR I 2AT I ON  CORRELATION  MEASUREMENTS  ON  THE  3AP  STATE  OF  HELIUM 


K  S  Ibraheim,  H-J  Beyer  and  H  Kleinpoppen 
Atomic  Physics  Laboratory,  University  of  Stirling,  Stirling,  FK9  4 LA ,  Scotland 


We  have  studied  the  polarization  correlations  for  electron 
impact  excitation  of  the  3JP  state  of  helium  covering  an 
extended  range  of  electron  impact  energies  and  scattering 
angles.  The  scattered  electrons,  having  lost  the  energy 
corresponding  to  the  excitation  of  the  n=3  states,  are 
observed  in  coincidence  with  the  light  emitted  in  a  dir¬ 
ection  perpendicular  to  the  scattering  plane.  The  Stokes 
parameters  for  linear  and  circular  polarization  are 
measured  and  analysed  in  the  same  way  as  in  the  previous 
measurement  by  Standage  and  Kleinpoppen^  which  was  re¬ 
stricted  to  80  eV  and  small  scattering  angles.  From  the 
Stokes  parameters  the  values  of  the  usual  scattering 
parameters  X  and  are  derived,  and  the  present  results 
of  x  for  1  *e  various  energies  are  shown  ir.  figure  1  using 
the  range  0  to  for  convenience.  For  all  energies  a 


change  of  x  through  the  line  -ir  is  indicated  correspond¬ 
ing  to  a  sign  change  of  the  angular  momentum  transfer 

to  the  atom  which  was  also  borne  out  by  the  circular 

2 

polarization  Stokes  parameter  .  The  large  angle  angular 
correlation  measurements  by  McAdam  and  Williams^  are 
also  shown.  Even  though  their  results  did  not  point 
towards  a  sign  change  of  the  angular  momentum  transfer 
they  are  nevertheless  fairly  consistent  with  the  present 
results . 
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Figure  1 .  Phase  difference  x  between  the  excitation  amplitudes  a:.  ( M^ - 0 )  and  a\ 

( M l  =  ± 1 )  of  the  3*P  state  of  He  as  a  function  of  the  electron  scattering  angle  for  ^ 

different  values  of  the  incident  electron  energy.  o  present  work;  •  McAdam  and  Williams'3. 
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ELECTRON  IMPACT  EXCITATION  OF  THE  3' P  STATE  OF  SODIUM 

R.  P.  Fiegel,  S.  R.  Lorentz,  T.  M.  Miller,  D.  E.  Golden,  J.  E.  Furst 
Department  of  Physics  and  Astronomy,  Univ.  of  Okla. ,  Norman,  Oklahoma  73019  USA 

Electron-photon  coincidence  experiments  from 
electron  impact  excitation  processes  have  rendered  new 
information  about  atomic  collision  processes.  Of  par¬ 
ticular  importance  in  the  current  generation  of  experi¬ 
ments  is  the  observation  of  effects  due  to  electron 
exchange  processes. 1  The  coherence  of  the  excitation 
may  be  tested  and  some  insight  gained  into  the  role  of 
exchange  in  collisions  even  in  experiments  in  which  no 
spin  analysis  is  performed.  This  then  provides  a 
direct  test  of  ..ne  Percival  Seaton  hypothesis. 

We  have  measured  differential  cross  sections  for  the 
electron  impact  excitation  of  the  32P  state  in  Sodium, 
in  the  energy  range  10  to  50  eV.  The  next  step  in  our 
investigation  has  been  to  measure  scattering  amplitudes 
and  phases  (  X.x  using  the  angular  correlation 
technique,  for  the  32P  state.  This  process  did  not 
include  any  state  selection  of  the  ground  state. 

Comparison  will  be  made  with  calculated  values  and 
other  experiments. 

We  will  further  present  expressions  deriving  the 
relationship  between  the  angular  correlation  parameters 
and  the  scattering  amplitudes  where  the  ground  state 
Na  atoms  are  prepared  in  a  single  hyperfine  level.2 
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SUPERELASTIC  SCATTERING  BY  A  HEAVY  ATOMIC  TARGET* 


T.T.  Gient 

Royal  Holloway  College  (Univ.  London),  Egham  Hill,  Egham,  Surrey  TW20  OEX,  England 


We  develop  the  formalism  of  superelastic  scattering 
by  a  heavy  atomic  target  whose  charged  cloud  in  its 
excited  state  is  assumed  to  have  been  somehow  tipped 
off-balance  by  electron  impact  out  of  the  "superelastic 
scattering  plane". 

The  charged  cloud  of  an  excited  heavy  atomic  target 
is,  therefore,  referred  to  three  different  frames: 
charged  cloud,  natural  and  collision  frames.  Since  the 
distribution  of  the  charged  cloud  is  symmetric  in  its 
charged  cloud  frame ,  by  a  suitable  choice  of  axes ,  only 
three  independent  and  real  density  matrix  elements  are 
required  to  represent  the  "superelastic  scattering 
system"  of  a  heavy  atomic  target  where  the  spin-orbit 
coupling  effect  is  expected  to  be  present.  Formulae  of 
the  measurable  alignment  and  orientation  coefficients  in 
the  collision  and  natural  frames  are  given  in  terms  of 
the  tip-over  angles  and  the  density  matrix  elements  in 
the  charged  cloud  frame.  It  is  then  shown  that  the 
formalism  of  superelastic  scattering  of  a  tipped-over 
charged  cloud  can  accommodate  without  violation  of 
parity  a  "fictive"  plane  asymmetry  effect.  This  effect 
was  previously  pointed  out  to  apparently  exist  in 
superelastic  scattering  experiments1.  We  also  show 
that  the  magnitude  of  this  "fictive"  plane  asymmetry 
effect  depends  on  how  greatly  the  charged  cloud  has 
been  tipped  over. 

A  mechanism  is  then  proposed  to  produce  this  tip- 
over  of  the  charged  cloud  by  electron  impact  without 
violating  parity.  We  suggest  that  the  tip-over  may 
be  caused  by  another  electron  which  non-superelastically 
scatters  on  the  charged  cloud  into  directions  outside 
the  superelastic  scattering  plane  and  was  simply  not 
observed  in  previous  superelastic  scattering  experiments. 

We  show  that  with  linearly  polarized  laser,  the 
electron  signal  of  super-elastic  scattering  measured 
inside  the  superelastic  scattering  plane  is 
1(e)  =  J(I  +  In3cos2V  +  In^sin2y)  (1) 

The  measured  "asymmetry  angle"  w  is  therefore  given 
by 

2  (sin6  A1?01  -  cos  9  a!:01; 

tan2w  - - 5 - ^ - - - -  (2) 

sin  e  Aco  -  sin29  A?°  +  (1+cos  9  )A„ 

vo  v  1+  v  2+ 

Measuring  w  at  five  laser  directions  would  enable 

the  determination  of  all  five  alignment  coefficients 

at  different  scattering  electron  angles.  The  tip-over 

angle  of  the  charged  cloud  can  then  be  determined. 

Thus,  one  may  be  able  to  verify  whether  the  tip-over 

angle  will  only  be  signif icantly  great  at  small 


scattering  angles  or  not  and  a  check  of  the  self- 
consistency  of  our  tip-over  hypothesis  can,  therefore, 
be  provided.  To  have  a  further  check  of  our  hypothesis, 
we  suggest  that  when  superelastic  scattering  experiments 
are  performed,  it  would  be  worthwhile  to  position 
electron  detectors  outside  the  superelastic  scattering 
plane,  especially  inside  the  plane  of  maximum  tip-over 
angle,  to  watch  for  those  non-superelastically 
scattered  electrons  which  have  so  far  been  totally 
ignored  in  these  experiments.  We  also  show  that 
within  the  tip-over  hypothesis,  there  exist  two  relations 
which  the  alignment  and  orientation  coefficients  in  the 
collision  frame  must  satisfy.  These  relations  can 
also  be  verified  experimentally.  It  is  worth  noting 
that  such  a  "fictive"  plane  asymmetry  effect  may  have 
been  observed  in  some  recent  superelastic  scattering 
experiments^. 

*  Research  work  supported  by  NSERC  of  Canada 
t  On  sabbatical  leave  from  the  Department  of  Physics, 
Memorial  University  of  Newfoundland,  Canada 
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ANALYSIS  OF  ORIENTATION  AND  ALIGNMENT  IN  ELFCTRON  IMPACT  EXCITATION  OF  HEAVY  RARE  GASES:  THE  Ar  4s  'p  ANTI  CASF 

N.  Andersen,*  J.  W,  Gallagher,^  I.  V.  Hertel*  and  F.  I .  da  Paixao 

*Physlcs  Dept.,  University  of  Aarhus,  DK-BOOO  Aarhus,  Denmark  and 
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Traditionally,^  orientation  and  alignment  of  heavy 
rare  gases  excited  by  electron  impact  have  been  ana¬ 
lyzed  in  terms  of  the  parameters  A,  x*  cos  A  and  cos  e. 
It  is,  however,  difficult  to  relate  these  parameters  to 
physical  pictures  of  the  collision  dynamics  and  shape 
of  the  atom  after  the  excitation  process.  Generalizing 
the  ideas  presented  earlier  for  the  helium  case,  we 
here  suggest  an  illustrative  way  of  reanalyzing  the 
available  data  for  the  heavier  rare  gases  which  at  the 
same  time  relates  in  a  more  direct  way  with  the  experi¬ 


mentally  observable  quantities.  To  this  end  we  use  the 
angular  momentum  =  -1*3,  the  alignment  angle  Y  of 

the  charge  cloud,  the  degree  of  linear  polarization 

,  2  2  y  V? 

P^in  =  (Pj  +  P2  J  perpendicular  to  the  collision 
plane  [or  alternatively  the  total  degree  of  polariza¬ 
tion  =  (Pj+P^+P^}  ^  ]  and  finally  che  relative 

height  of  the  charge  cloud  pqq  *  l ( 1+Pj )( I-P4 ) ] / 
[(3+Pj)+P^(1-Pj>),  using  the  conventional  definition 
of  the  Stokes  parameters  (Pj ,  ?2»  P3)  measured  per¬ 
pendicular  to  and  the  linear  polarization  P^  in  the 
collision  plane.  The  density  matrix  in  the  natural 
2 

frame  can  then  be  decomposed  as 


f°ll  0  °1-1 

1 

1-P3 

0 

-pjlnexp^“2lY^ 

0 

■0 

0 

0 

0 

■  2  (1_p00) 

0 

0 

0 

o-ll  0  °-i-l 

c.  c. 

0 

1+P3 

fo  0  0] 


and  the  relations  of  the  new  parameters  to  the  old  ones 


are: 

poo  *  7  ^1“x^1~cos  and 

(1'°00)(Pl’P2’P3)  "  "  T  O-UU+cos  . 

-2/A( 1 -A)  cos  A  cos  x  »  2/A( 1-A)  cos  A  sin  x) 

An  example  of  this  analysis  for  the  4s(3/2]°  (^Pj) 
state  of  argon  at  16  eV  initial  electron  energy  Is 
shown  in  the  right  column,  using  the  results  of  da 
Paixao  et  al.^  The  graphs  display  in  a  smooth  way  the 
close  relation  between  angular  momentum  L^+\  alignment 
angle  Y  and  coherence  (P^+^)  caused  mainly  by  direct 
and  exchange  interaction,  and,  on  the  other  hand,  the 
pure  effect  of  spin  flip  processes  *  Pqq.  More  exatr’’ 
pies  will  be  presented  at  the  conference. 
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A  RELATIONSHIP  BETWEEN  THE  DIRECT  AND  THE  EXfilANGE  A'lPUTUDES  OE 
e'  -  H  COLLISIONS 
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Ik-Ju  Kang,*  Ung-In  Ch(?  and  Gye  Tai  Park* 

♦Southern  Illinois  University  at  Edwardsville ,  Edwardsvi 1 le ,  IL  62026  USA 
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It  is  well-known  that  for  the  ionization  of  H-atoro 

by  electron  impact,  e"(k,)  ♦  H(ls)  ♦  e  (kj)  ►  e  (k^J+H*, 
there  exists  a  relationship  between  the  direct  (D)  and 
the  exchange  (t)  amplitudes  which  was  found  first  by 
Petcrkop^  as 

k(J^| »  &  v)  s  U(k  j— "  k  > )  (|  j 

For  the  excitation  of  He-atom  by  electron  impact 
Ockur ^ ^  found  a  relationship  between  the  direct  (D) 
and  the  exchange  (E)  amplitudes  in  the  high  energy  limit 
which  is  given  as 

E  =  D(J2)/k2.  with  f =  kj  -  kQ.  (2) 

In  this  paper,  a  relationship  is  obtained  between  the 
D  and  E  for 

e- lk0)  ♦  H(ls)  — >  e" (kj )  +  H(nim) 
which  may  be  valid  in  the  intermediate  energy  region. 

The  S-matrix  formalism  is  employed  to  describe  the 
process  with  the  coulomb  waves  representing  electrons 
; „  cciit  ir-un*.  r  t  a  t  r  s  The  initt-i!  bound  and  the 

continuum  state  wave  functions  are  parameterized 
respectively  as 


Is 

and 

t 


■  *  Nls  e 


-*«■  P-bK0r  „ia!so'r 


ko  “  Nko 


-\r  e-ia<or  cibk0-r. 


The  quantity  M  is  defined  as 

M  =  <Xkl  *n,(2>  v12  *lQ  <*>  4<2>>  • 

and  evaluated  with  the  use  of  the  generating  function 


i5) 

(4) 

(5) 


h/ 

of  the  associated  Laguerre  function  and  further 

K 

approximations.  Since  the  quantity  M  is  related  to 

the 

t 

0  and  the  E  as 

ft 

D  =  M(a=o,  b=  1 ,  k0=  1  Z'-'-q ,  k0=ikQ) 

(b) 

r 

and 

r 

E  =  M(a=  L ,  b=o,  K0=ikQ,  ik0«l/ii0) 

(7) 

a  relationship  between  the  D  and  the  E  is  obtained 

and 

given  as 

E  =  D  q2/k2  G  I b=o)/G(b= 1 ) , 

(8) 

i 

with 

r 

v  P  +  1 

G(6)  =  (6/6s)" x  (N  ♦  P)!/N!  *  6/(1  -  s)  * 

f  * 

,  „  2  _2  \  +2 

V; 

1  /tq  ♦  6  ;  s  =  o 

(9) 

t ; 

In  =  n- i+l 

Ip  =  2 1  ♦  i 

ar.J 

B 

6  =  ►  (1  ♦  s)/(I  -  s)  ♦  bKQ 

(ll>) 

Thus,  the  relation  obtained  as  in  Eq.  (8)  has  an 
appearance  similar  to  that  of  Ochkur's  in  Eq.  (2)  and 
has  an  additional  factor  of  G(b  =  o)/G  (b  =  1),  which 
is  not  unity. 

It  is  remarked  that  the  relationship  in  Eq.  (8) 
remains  valid  for  all  of  the  excited  states  (n,l)  of 
the  hydrogen,  including  the  ls-state.  Furthermore,  the 
expression  for  the  M  in  F.q.  (5)  is  good  for  any  excited 
states  of  (n,l)  so  that  no  other  integration  is  needed 
for  the  purpose  of  evaluating  various  excitation 
processes. 
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ELECTRON  IMPACT  EXCITATIONS  OF  3s  AND  4s  STATES  OF  HYDROGEN 
S.Saxena,G.P. Gupta  and  K.C.Mathur 

Department  of  Physics,  University  of  Roorkee,  Roorkee  247667,  India 


A  distorted  wave  approximation  is  used  to  compute 
the  differential  and  integral  cross  sections  for  the  ls- 
ns  (n=3,4)  excitations  of  hydrogen  atom  by  electron 
impact.  A  comparative  study  ts  made  by  using  distorted 
waves  (Coulomb  waves)  either  in  the  initial  channel  or  in 
the  final  channel  or  in  both  the  channels. 

The  differential  and  integral  cross  sections  for  the 
excitation  of  hydrogen  atom  from  an  initial  state  i  to  a 

final  state  f  are  respectively  given  by 
k 


*2*  =-L  J.ri  It  |2+  1  It  I2  1 

diVi-f  A1t2  k.  '*  4  T+  4  -  J 

47T 


2 7T 

and  o.  =  -■ 

i-f  k.k_ 
i  f 


i 

k .  -kr 


do 

Wi-f 


q  dq 


(1) 

(2) 


k^  are  the  momenta  of  incident  and  scattered  electron 
respectively . 

The  T -matrices  for  the  electron  impact  excitation 
of  hydrogen  atom,  in  the  Coulomb-projected  Sorn  approxi¬ 
mation  (distortion  in  the  final  channel  only),  in  the 
modif ied-Born  approximation  (distortion  in  the  initial 
channel  only)  and  in  the  two-potential  approximation 
(distortion  in  both  the  channels) ,  are  respectively 


given  by 
„CPB 

Vf 


4'' 


<3) 


where  V'  =  —  is  the  Coulomb  interaction  between  the 

r12 

incident  and  target  electron. 


MB 

Ti-f 


df  |v|  x<+)  > 


(4) 


where  V  =  —  -  —  is  the  total  interaction  potential 

r  12  r2 

of  the  incident  electron  with  the  target  hydrogen  atom. 


_TP 


f  I u I  x!+)>  +  <  X*"1  |w|  x|+1  > 


(5) 


6  1  1-6 

where  U  =  -  —  and  W  =-  -  -  ,  6  is  the  screening 

r2  r12  r2 

parameter . 


Figures  1  and  >  show  our  results  for  electron  impact 
excitations  (ls-3s  and  ls-4s)  of  atomic  hydrogen  at 
lOOeV.  The  curves  IC,  FC,  BCl,  BC2  and  B  are  the  calcu¬ 
lations  which  include  (i)  distortion  in  the  initial  cha¬ 
nnel  only  (IC);  (ii)  distortion  in  the  final  channel 
only  (FC) ;  (iii)  distortion  in  both  initial  and  final 

channels  (BCl,  with  6.  and  6  calculated  according  to 
1  1  * 

the  procedure  of  Junker  ;  and  BC2,  with  ?  and 

(iv)  no  distortion  in  either  channels  i.e.  the  first 
Born  calculation (B) .  In  figure  1,  we  compare  our  results 
with  the  calculation  of  Syms  et  al2 (curve  DWPO) . 


1 
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ELECTRON  HYDROGEN  SCATTERING  AT  INTERMEDIATE  ENERGIES 


Joseph  Callaway 


Department  of  Physics  and  Astronomy,  Louisiana  State  University,  Baton  Rouge,  LA  70B03-4001,  U.S.A. 


This  paper  reports  calculations  of  cross  sections 
for  elastic  scattering  and  excitation  of  the  n*2 
states  of  hydrogen  atoms  by  electrons  of  incident 
energies  from  IS  to  54  ev.  The  calculations  are  of 
the  close  coupling  type,  and  employ  a  basis  of  eleven 
states  including  the  exact  ls,2s,2p,  and  3d  atomic 
states  plus  seven  pseudostates.  The  parameters  of 
this  set  are  listed  in  Table  7  of  Ref.l  (“Standard  5- 
4-2").  The  calculations  are  made  variationally  as 
described  previously*. 

The  basis  set  employed  has  two  pseudo  thresholds 
in  the  energy  range  of  interest.  Structure  associated 
with  these  pseudo  threshold  is  removed  using  an 
amplitude  averaging  technique2  in  each  partial  wave  in 
which  noticeable  structure  occurs.  This  is 
accomplished  by  makiny  a  least  squares  fit  to  the 
scattering  or  transition  amplitude  with  a  low  order 
polynomial  in  the  energy.  Tests  on  a  model  for  which 
exact  answers  are  known  have  shown  that  results 
accurate  to  within  a  few  percent  can  be  obtained  in 
this  way3.  However,  in  order  to  apply  this  technique 
successfully,  we  have  found  it  desirable  to  make 
calculations  at  a  large  number  of  energies,  both  in 
the  region  of  the  pseudo  thresholds  and  outside  of 
it.  The  present  calculations  were  made  at  85 
different  energies  between  k2=l.l  and  k2=4.U  for  the 
L=0,  1,  and  2  partial  waves  and  for  somewhat  smaller 
numbers  for  L=3,4,  and  5. 

Some  improvements  were  made  in  the  variational 
programs  which  permitted  accurate  calculations  to  be 
carried  out  through  L-5  (although  with  a  smaller  basis 
for  L=4  and  5).  The  elastic  scattering  cross  section 
is  quite  well  coverged  at  this  L,  and  the  2s, 
reasonably  so  even  at  k2=4.  However,  a  large  number 
of  partial  waves  contribute  to  the  2p  excitation,  and 
in  order  to  estimate  their  contribution,  the 
unitarized  Born  approximation  with  exchange  was 
employed  to  estimate  in  all  cases,  the  contribution  of 
partial  wave  with  L  >  6. 

The  calculated  cross  section  for  2s  excitation 
decreases  rapidly  between  k2*l.I  and  k2*1.6  due  to  a 
sharp  decrease  in  the  *S  and  *0  contributions  and 


falls  of  more  slowly  thereafter.  The  *0 
amplitude  is  quite  small  in  the  range  of  k2*1.6-1.8. 
In  contrast,  the  2p  excitation  cross  section  has  a 
broad  maximum  with  the  peak  close  to  k2=3.0. 

The  present  results  may  be  summarized  by  giving 

coefficients  in  a  least  squares  fit  to  the  collision 

2 

strength  (a=2k  j)  of  the  form 


i'1  X1'1 


an+l 


Jin  X 


in  which  X=k2/Ex,  Ex  being  the  excitation  eneryy.  The 
fits  given  below  were  constrained  in  that  the 
coefficients  aj  and  an+j  were  set  equal  to  the  first 
Born  approximation  values. 


Table  I 

Coefficients  in  the  least  squares  fit  to  the  collision 
strength  (n=5) 


i 

2s 

2p 

1 

0.888 

0.895 

2 

-2.176 

-11.161 

3 

1.532 

16.652 

4 

1.979 

-3.206 

5 

-1.808 

-2.838 

6 

0.0 

4.439 
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GLAUBER  AMPLITUDE  FOR  1  s— *2s  ,2p  EXCITATION  OF  HYDROGEN 
ATOM  BY  ELECTRON  IMPACT 


B.  Padhy  and  D.  K.  Rai 
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The  Glauber  approximation  has  been  success¬ 
fully  us erf  over  the  last  decade  for  calculation 
of  cross  sections  for  the  atomic  and  molecular 
collision  processes.  However,  the  exact  Glauber 
amplitude  has  been  obtained  in  closed  forir^  fcr 
the  case  of  a  charged  particle  scattered  by  a 
hydrogen  atom;  but  numerical  computations  are 


required  for  the  case  of  other  complex  atoms 
2 

including  helium.  As  an  alternative  method 


iatesJ  proposed  the  evaluation  of  the  first 
few  terms  of  the  Glauber  scries  in  an  exact 
manner  and  neglected  the  other  higher  order 
terms  assuming  that  their  contribution  wculd 
be  negligible  for  high  incident  energies.  Yates 
reported  closed  form  expressions  for  the  first 
three  terms  of  the  Glauber  series  for  the  elastic 
scattering  of  an  electron  by  a  hydrogen  atom 
in  its  ground  state  .  The  calculated  differen¬ 
tial  cross  section  is  found  to  be  in  geed 
agreement  with  the  exact  Glauber  cross  section, 
thereby  justifying  his  neglect  of  higher  order 


Though  Yates^  himself  mentions  aiout 
extending  his  method  to  the  inelastic  electron- 
hyurogen  atom  scattering,  no  such  results  have 
been  reported  so  far.  In  this  note  we  present 
closed  form  expressions  for  the  third  term  of 
the  Glauber  series  for  the  electron  impact 
Is— *2s,2p  excitations  of  a  hydrogen  atom  as 


veil  as  the  corresponding  differential  cross 
sections  through  order  (1/k^),  kj  being  the 
incident  wove  vector* 


Atomic  units  are  used  throughout  .The  axis 
of  quantization  of  the  atonic  wave  functions 

,  A  A 

is  specified  by  z=ki  and  the  momentum  transfer 
vector  $=(?rk,)  is  assumed  to  be  perpendicular 
to  the  axis  of  quantization. 


Expanding  the  Glauber  amplitude  in  the  form 


of  an  infinite  series 

,  <1: 

"  -n«  l  11 

the  oi/T'  rential  cros.1  section  through  order 


(1/k.)  is  written  as 

+ A '  A  -  Aj  •  (2) 

for  the  Is— »2s  excitation  cf  ..he  hydrogen  atom 
we  ge  t 


i- -8/5 /ft,1 +2  15?,  (3) 

K--  -a* M$£)l  >  i«> 

i 


,1  Ai1 


wiV--£ 

1  1  Co  .  <, 1  n  !  i' 


Table  I.  bespits  of  the  present  calculation 


for  100  ev  incident  en  rgy.  tail  correspond  s 
to  1s-*2s  excitation  and to  1 
xcitction.  Results  are  in  units  of  e£/fr 


SOUQ  |  (d*/<La.\  ©foLej)  |<rfty,/A) 


O  1 1-103  I i -011(1)  |[  40 


I5-474H)  \l'tS4  (-1) 


4sa(-3)Jso^t(-3) 
1H-U-3)  7  75*  H) 
1 117  (-3)  a  lwM) 
<,  015  1-4)  8  itU-s) 
3ioo(-y\>zioi-y 


*  The  number  in  the  pe.renthescs  shows  the- 
pov.er  of  10  by  which  the  quenti/y  is  tc  be 
irul  tipi  i  ed. 


The  first  three  terms  r  f  the  vector  an.plj  tude 
for  the  1s-+2p  excitation  a;  e  given  by 

£  - -iin  isr/j  ,  (7) 

<3<l  (*V)  Uih-  .  (F  J 

£  =(-  (d/WA*)  j1 

V  -<vXU<f  +  X'-V) .  CIO) 

p  •*  I  {fwW/M}%(l-^)  Vn  (!♦$*)  >C1  ) 

and  the  expression  for  A  is  the  ramc  os  riven 

in  Lq.(<>).  The  differential  cres:  sceti'ns  fir 
100  ev  incident  energy,  are  -iven  in  tabic  I. 
Th.se  results  agree  with  the  exact  01:  ul  cr 
results  reported  by  Gien.‘1' 
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ACCURATE  ELECTRON-HYDROGEN  ATOM  CROSS  SECTIONS  USING  HYPERSPHERICAL  COORDINATES 
Diane  M  Hood  and  Aron  Kuppermann 


Arthur  Amos  Noyes  Laboratory  of  Chemical  Physics,  California  Institute  of  Technology,  Pasadena,  California  91125  USA 


We  have  obtained  converged  cross  sections  and 
phases  for  scattering  electrons  off  hydrogen  atoms 
using  hyperspherical  coordinates  Our  motivation  for 
using  this  new  technique  is  that  previous  methods  - 
coupled  channel  expansions  using  target  atom  eigen¬ 
functions,1  polarization  functions  and  pseudostates,2 
and  variational  methods3  —  have  all  presented 
difficulties  The  coupled  channel  calculations  tend  to 
converge  slowly  with  respect  to  basis  set  size,  and  the 
variational  method  with  pseudostates  interjects  spuri¬ 
ous  resonances  Previous  applications  of  hyperspheri¬ 
cal  coordinates4'5  have  used  methods  that,  while  ade¬ 
quate  for  computing  the  energy  level  of  the  bound 
state  of  H~  and  the  position  of  scattering  resonances, 
are  not  well  suited  for  full  scattering  calculations. 

We  have  obtained  converged  surface  functions  at  a 
set  of  discrete  values  of  the  hyperradius,  which  acts  as 
a  parameter  They  are  calculated  by  expansion  in  a 
basis  set  of  the  hyperspherical  angle,  which  is  obtained 
by  a  finite  difference  method  and  includes  the  effect  of 
the  potential. 

The  scattering  functions  are  then  expanded  in 
these  surface  functions,  and  the  resulting  coupled 
equations  are  solved  numerically  at  each  energy.  We  , 
have  so  far  performed  calculations  for  J=0  and  J=1  up 
to  the  n=4  threshold  using  a  VAX  1 1  /780  with  an  FPS 
164  attached  processor.  Both  the  magnitude  and  the 
phases  of  the  elements  of  the  scattering  matrix  are 
converged  with  respect  to  the  number  of  surface  func¬ 
tions  used  The  method  is  accurate  as  well  as  efficient 
These  calculations  are  aimed  at  producing  accurate 
state-to-state  differential  cross  sections  and  polariza¬ 
tion  cross  sections.  The  results  obtained  so  far  will  be 
presented. 


FIGURE  1  (a)  Triplet,  odd  J=1  contribution  to  the  2s 
-»  3d  cross  section  in  the  n=3  to  n=4  energy  range,  (b) 
Phases  of  the  corresponding  S-matrix  elements,  (2sl) 
->  (3dl)  and  (2sl)  -  (3d3). 
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A  COMPLETENESS  TEST  FOR  PSEUDOSTATE  EXPANSIONS 
D.H.  Madison 

Physics  Department,  Drake  U. ,  Des  Moines,  IA.  50311  USA 


In  close  coupling  calculations,  scatter¬ 
ing  wave  functions  are  expanded  in  terms  of 
an  appropriately  chosen  complete  set  of 
wave  functions.  Such  complete  sets  typically 
contain  an  infinite  number  of  terms  repre¬ 
senting  both  bound  and  continuum  states.  In 
practical  close  coupling  calculations,  the 
series  is  truncated  after  including  a  limited 
number  of  terms  of  the  bound  state  type.  A 
common  practive  is  to  approximate  the 
neglected  bound  and  continuum  terms  by  a 
small  number  of  bound-type  states  called 
pseudostates,  while  various  schemes  fcr 
chosing  these  pseudostates  have  been  employed, 
the  key  question  concerns  the  extent  to  which 
the  pseudostate  basis  set  approximates  the 
results  which  would  be  obtained  from  the  full 
complete  set.  However,  it  has  not  been 
possible  to  unambigiously  answer  this 
question  since  exact  results  have  not  been 
known . 

Madison1  has  recently  reported  a  calcu¬ 
lation  of  the  second  order  distorted  wave 
amplitude  for  electron  excitation  of  hydrogen 
in  which  no  approximations  were  made  in  the 
evaluation  of  the  second  order  amplitude.  As 
a  result,  an  infinite  sum  over  discrete  and 
continuum  intermediate  states  was  performed 
in  this  calculation.  Since  these  results 
represent  an  exact  answer  for  a  complete  set, 
they  provide  the  opportunity  for  checking 
the  completeness  of  various  pseudostate 
expansions.  Thir  is  a  most  important  check 
since  it  represents  an  exact  answer  for  the 
scattering  problem.  While  it  has  been  possi¬ 
ble  to  check  pseudostate  basis  sets  by  using 
them  to  calculate  various  known  atomic  para¬ 
meters,  such  a  procedure  does  not  necessarily 
represent  a  reliable  check  of  completeness 
for  the  scattering  problem  since  there  is  no 
guarantee  that  a  particular  atomic  parameter 
will  be  sensitive  to  the  same  radial  range 
that  is  important  for  the  scattering  problem. 


We  have  calculated  second  order  distorted 
wave  amplitudes  for  electron-excitation  of  the 
2p  state  of  hydrogen  using  various  pseudostate 
basis  sets  which  have  been  used  in  close 
coupling  calculations.  These  results  will  be 
compared  with  the  exact  answer  obtained  from 
the  full  complete  set  of  bound  and  continuum 
states.  The  best  pseudostate  basis  set  will 
be  given. 
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CALCULATION  OF  INELASTIC  ELECTRON-ATOM  SCATTERING  AMPLITUDES  BY  THE 
METHOD  OF  LOCALLY  COMPLEX  DISTORTIONS  OF  THE  ENERGY  SPECTRUM 

C.  W.  McCurdy*  and  T.  N.  Rescigno* 

*Department  of  Chemistry,  Ohio  State  University,  Columbus,  Ohio  43210 

^Theoretical  Atomic  and  Molecular  Physics  Group,  Lawrence  Livermore  National  Laboratory, 

Livermore,  California  94550 


Recently  we  have  demonstrated  that  the  array  of 
techniques  employing  complex  basis  functions,  which 
have  been  broadly  applied  in  the  calculation  of  reso¬ 
nance  positions  and  lifetimes,  can  also  be  used  in  the 
practical  calculation  of  scattering  amplitudes  and 
total  photoionization  cross  sections.1  In  that  work, 
which  primarily  used  potential  scattering  examples,  we 
showed  that  resolvent  matrix  element  of  the  form 

lim  (f,  (E  -  H  +  ie)"1  g) 
e»0 

can  be  calculated  for  a  wide  range  of  types  of 
functions  f  and  g,  by  employing  a  finite  matrix 
representation  of  the  Hamiltonian,  H,  in  a  basis  of 
square-integrable  functions.  That  is  to  say  that  by 
finding  the  matrix  eigenfunctions  satisfying 


(VH  tj)  =  Ei  5ij 


we  can  construct  an  apparently  convergent  spectral 
approximation  to  the  resolvent  matrix  element  of  the 
form 

.  N  (f.t.H^.g) 

lim  (f,  (E  -  H  +  ie)'1  g)  =  Z  - r— r- - 

i=l  b  '  i 

The  key  to  these  calculations  is  the  use  of  a 
basis  of  complex-valued  functions  together  with  a 
definition  of  the  inner  product  without  complex 
conjugation.  Thus  the  eignvalues,  E^ ,  appearing  in  the 
expressions  above  are  complex  as  are  the  associated 
functions  *j.  Although  this  approach  is  superficially 
similar  to  the  complex  coordinates  approach, 2*3  in 
which  the  coordinates  are  scaled  according  to  r*rela, 
the  two  techniques  differ  dramatically  in  the  present 
context.  The  eigenvalues,  E^ ,  above  do  not  lie  on  rays 
in  the  complex  plane,  but  rather  on  curves  which  are 


distorted  off  the  real  energy  axis  only  in  a  local 
interval.  Furthermore  this  procedure  avoids  well  known 
divergences  which  are  known  to  plague  the  complex 
coordinates  approach  when  the  functions  f  and  g  are  not 
exponentially  bounded.^  A  formal  many-electron 
expression  for  the  T-matrix  for  inelastic  electron-atom 
scattering  which  is  amenable  to  this  approach  is 

t  *  (*f (h-e)  *.)  +  (*f(H-E)  7r-rTrrT7)(H'E)  *i) 

where  ^  and  are  anti  symmetrized  unscattered  states 
in  the  initial  and  final  channels.  He  apply  this 
procedure  to  the  computation  of  the  ls-ls,  ls-2s,  and 
ls-2p  amplitudes  for  electron-hydrogen  atom  scattering 
in  the  Is,  2s,  2p  approximation  and  compare  the  results 
with  those  of  close  coupling  calculations.  In  addition 
we  present  results  for  the  2s-2p  transition  in 
electron-lithium  atom  scattering. 
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The  theoretical  study  of  electron  collisions 
vdth  atomic  systems  has  attracted  a  considerable 
amount  of  interest  in  recent  years.  Firstly,  there 
is  an  increasing  demand  for  electron  collision  cross 
sections  in  other  fields  such  as  astrophysics,  laser 
physics  and  plasma  physics.  Secondly,  a  number  of 
imrtant  advances  have  occurred  on  the  experimental 
side.  These  experiments  nrovide  very  stringent 
tests  of  the  theory  and  have  stimulated  the  develop¬ 
ment  of  new  theoretical  approaches.  Motivated  to 
these,  we  have  improved  our  earlier  work  on  elastic 
and  inelastic  scattering  of  electrons  by  helium  and 
•hydrogsn  atoms  to  study  the  role  of  excitation 
energy  (DE)  in  the  Second  Born  approximation  and 

hence  on  DCS  for  elastic  and  inelastic  processes  of 
1  2 

helium  and  hydrogen  atoms  ’  . 

Basically  DE  can  be  calculated  by  using  optical 
theorem  and  target  polarication  property.  Using 
these  models  DE's  are  calculated  earlier3.  In  the 
present  study  two  DE's  are  used  to  calculate  DCS  in 
the  Second  Born  approximation  for  elastic  and 
inelastic  scattering  of  electrons  by  helium  and 
hydrogen  Etoms  at  incident  energy  E  *  700  eV.  With 
these  results  an  attempt  is  made  to  show  explicitly 
the  variation  of  DCS  results  corresponding  to  two 
DE's  for  helium  and  hydrogen  atoms. 

It  is  observed  from  our  DCS  calculations  that 
the  sensitivity  of  real  and  imaginary  parts  of  the 
second  Born  approximation  due  to  DE  is  as  follows 

Re'  »He1  >  Rei  »He1  »  Im  bHEA 

Finally  we  conclude  that  the  effect  of  DE  is 
considerable  in  total  integrated  cross  section  than 
in  DCS  calculations.  The  selection  of  DE  is  more 
important  in  the  intermediate  angular  and  incident 
energy  regions  both  elastic  and  inelastic  processes. 
The  DE  obtained  by  means  of  optical  theorem  gives 
good  results  in  the  elastic  process.  Unfortunately, 
there  was  no  specified  method  for  DE  calculation 
in  inelastic  process.  Perhans  this  may  be  one  of 
the  reasons  for  considerable  deviations  between 

4 

experimental  and  theoretical  comparisons  in  the 
inelastic  process. 
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It  has  been  known  for  sometime  that  if 
both  the  initial-  and  final-  channel  distorted 
waves  .are  calculated  with  use  of  the  final 
channel  distorting  potential  V^,  the  first 
order  results  are  in  much  better  agreement  with 
the  experimental  data1.  In  view  of  this  we 
are  making  a  detailed  comparison  of  differen¬ 
tial  cross  sections  obtained  for  electron 
impact  excitation  of  2  is  and  2JS  states  of 


helium-atom.  Distorted  wave  methods  v/ith 
different  choices  (either  initial  channel 
distorting  potential  or  final  charnel  distor¬ 
ting  potential)  for  the  distorting  potential 
have  been  used.  Results  would  be  s:.own  in 
the  conference. 
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Electron-atom  scattering  may  be  described  in  terms 
of  reaction  channels  defined  by  target  states  |i>  and 
total  spin  S.  The  target  states  satisfy  the 
Schrodinger  equation 

(erHT)|i>  =  0.  (1) 

Where  appropriate  we  regard  |i>  as  a  discrete  notation 
for  the  continuum,  using  box  normalization  and  the 
usual  limiting  processes. 

The  coupled-channels  method  is  based  on  an  arti- 
symmetric  expansion  of  the  total  wave  function  ^^(E) 
in  target  states  |i>.  For  each  value  of  S  (suppressed 
for  convenience)  we  have  a  set  of  coupled  equations  that 
we  can  express  in  a  matrix  notation  in  channel  space 
(all  operators  act  on  H'^1’^). 

E^-K-V  =  0.  (2) 

Here  K  is  the  kinetic  energy  operator  of  the  projectile, 

V  includes  direct  and  exchange  potentials. 

Before  taking  the  box-normalization  limits  channel 
space  is  discrete  but  of  infinite  dimension.  After 
taking  limits  the  ionization  continuum  renders  (2) 
meaningless. 

Before  taking  limits  we  choose  a  finite  set  of 
channels  including  the  entrance  channel,  projected  by 
an  operator  P,  for  which  we  solve  the  coupled  equations 
explicitly  using  an  appropriate  representation.  The 
complementary  projection  operator  Q  projects  the 
remaining  states  including  the  continuum.  We  write  a 
projected  set  of  coupled  equations  using  an  optical 
potential  operator  . 

P(E(  +  )-K-VW,)P  =  0,  (3) 

V«»  =  V  +  VQ[Q(E(  +  1-K-V)Q]'lqv.  (4) 

After  the  limiting  procedure  the  continuum  is  intro¬ 
duced  into  (4)  in  terms  of  integrals  over  the  continuum 
kinematic  variables.  Equations  (3), (4)  constitute  a 
meaningful  coupled-channels  theory,  the  Coup led -Channel s- 
Optical  theory.  They  do  not  constitute  a  basis  for  a 
complete  solution  of  the  electron-atom  problem,  since  the 
spectral  representation  of  (4)  implies  a  knowledge  of 

However  since  the  second  term  of  (4)  is  of  second 
order  in  (3)  it  is  hoped  that  an  approximate  evaluation 
of  (4)  will  yield  a  good  description  of  scattering 
processes  within  P-space. 

The  authors'  Coup led- Channel s-Optical  method1’^ 
involves  approximating  in  the  spectral  expansion  of 
(4)  by  the  Born  approximation  for  discrete  target  states 


and  by  the  Born  approximation  with  screening  correlation 
for  the  continuum  and  performing  the  kinematic  integrals 
by  a  multidimensional  method. 

The  P-space  equations  (3)  are  written  as  coupled 
integral  equations  (solved  using  Gaussian  quadratures) 
in  a  distorted-wave  momentum  representation  for  channels 
i , j ,£  in  P-space 

<XC')(ki)|Tij|x(+)(kj)>  =  <Xt')(ki)|U|kj>6i; 

*<X(')(ki)|Wij|xC*)(kj)>*^/d3q<X(")(k1)|Wif|xC':i(a)> 

X  -',-2  <XM(H)|T£jlxC  +  )Ck  )>,  (S) 

E"  -E£-iq 

T.  .  i  <4>.  ]T 1 (6) 
ij  l 1  1  ] 

W  =  VtQ)-U,  (7) 

[E(±)-ei-K-U]X(±)(ki)  =  0.  (8) 

Here  U  is  a  local  central  potential  chosen  to  cancel  as 
much  of  as  possible.  A  typical  choice  is 

u  =  v",.  (9) 

where  Vqq  is  the  direct  part  of  the  ground-state  (static) 
potential. 

Thus  far  the  method  has  been  applied  with  U  =  0 
(momentum  representation)  to  hydrogen,  and  to  lithium, 
sodium  and  potassium  using  a  Hartree-Fock  one-electron, 
inert-core  description  of  target  structure. 

The  differential  cross  sections  for  Is, 2s  and  2p 
states  of  hydrogen  are  essentially  within  experimental 
error.  Elastic  and  dipole  transitions  for  the  alkalis 
have  correct  total  cross  sections  and  correct  positions 
for  angular  maxima  and  minima,  but  the  theory  is  a 
significant  overestimate  of  backward  scattering, 
indicating  the  sensitivity  to  configuration  interaction. 

Static -exchange  calculations  for  helium  and  argon 
using  (9)  show  that  the  distorted-wave  representation 
accelerates  the  convergence  of  the  solution  of  the 
integral  equation  very  satisfactorily. 

Progress  will  be  reported  in  the  use  of  the 
distorted-wave  representation,  in  Cl  descriptions  of 
target  structure  and  in  the  use  of  (5)  as  an 
approximation  for  (e,2e)  reactions. 
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The  R-Matrix  method1  provides  a  flexible  approach 
to  the  calculation  of  low  energy  electron  scattering 
processes  from  atcms  and  molecules.  Ibr  electron- 
atom  scattering  the  space  surrounding  the  target  atcm 
can  be  neatly  divided  into  two  regions:  the  inner 
region  describes  the  ccrrplicated  interaction 
(including  exchange)  of  the  incident  electron  with 
the  target  atom:  while  in  the  outer  region,  where  the 
electron  motion  can  be  treated  non-relativistically, 
the  interaction  consists  of  long-range  potentials  and 
is  much  sntpler.  The  expansion  of  the  wavefunction 
in  the  inner  region  in  terms  of  suitable  basis 
functions  bears  a  close  resemblance  to  that  used  in 
bound  state  problans  and  similar  solution  techniques 
can  be  applied.  In  light  atoms,  where  L-S  coupling 
dominates,  Hartree-Fbck  techniques  can  be  used.2  As 
the  atomic  number  increases,  it  becomes  necessary  to 
include  Breit-Pauli  terms  and  to  transform  to  an 
intermediate  coupling  representation.1  The  method 
has  been  applied  recently  to  a  nimber  of  heavy  atone 
such  as  Cs,  T1  and  Hg.“  However  a  more  satisfactory 
approach  for  heavy  atoms  would  use  the  Dirac 
Hamiltonian  in  the  inner  region,  and  this  is  the 
method  we  have  employed. 

A  preliminary  Dirac  R-matrix  calculation  for 
electron  scattering  by  Ne+  has  been  reported5  and  has 
shewn  good  agreement  with  the  corresponding  Breit- 
Pauli  R-matrix  calculation.  Here  we  report  on  a  more 
ccnplicated  case  which  provides  a  further  comparison 
with  an  earlier  Breit-Pauli  calculation.6 

We  have  considered  two  representations  of  the 
target  atcm:  a  5-state  case  (ls22s2,  ls22s2p)  and  a 
10-state  case  (ls22s2,  ls22s2p,  ls22p2).  Cross- 
sections  for  the  excitation  fran  ls22s2  lSf  to 
ls22s2p  3P°  have  been  obtained.  For  the  5-state 
calculation,  the  incident  electron  energy  lies  in  the 
range  from  7  to  25  Ryd  and, for  the  10-state 
calculation,  it  is  in  the  range  13.1  to  25  Ryd.  At 
these  energies  all  channels  are  open.  The  transition 
is  spin-forbidden  in  L-S  coupling,  but  relativistic 
mixing  of  the  final  state  with  ls22s2p  lP[  enhances 
the  cross-section  by  a  factor  of  two.  Our  Dirac 
results  for  the  5-  and  10-state  cases  agree  well  with 


each  other  above  13.1  Ryd  and  lie  between  the  earlier 
Breit-Pauli  values.  The  two  10-state  calculations 
agree  to  within  about  2%.  The  better  quality  of  the 
Dirac  5-state  results  is  due  to  a  better 
representation  of  the  ground  state. 

The  agreement  with  the  Breit-Pauli  R-matrix  code 
here  provides  further  evidence  to  validate  the  Dirac 
method  and  encourages  its  use  for  heavier  systems. 
Methods  to  improve  the  efficiency  of  the  program, 
which  involves  substantial  extra  computation ,  arc 
under  investigation.  We  intend  soon  to  apply  it  to 
electron  scattering  from  Hg  using  a  core  potential 
similar  to  that  used  in  a  recent  Breit-Pauli 
calculation.4 
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We  present  here  a  method  for  obtaining  a  solution 
of  the  Dirac  equation  in  a  spherically  symmetric  poten¬ 
tial,  by  solving  a  modified  Coulomb  equation.  In  sub¬ 
sequent  papers  we  show  how  this  method  can  be  utilized. 

We  write  the  Dirac  equation  in  the  form 


dg  k  f 1+c  *Zo  ,  .] c 

Tr  =  -  7  8+  +  —  S(r)jf 

df  .  k  .  .  fl-e  aZo  . 

57  -  7  f  +  1“  -  —  s(r)J  8 


where  the  various  quantities  have  their  usual  meaning, 

and  s(r)  is  a  smooth,  monotonically  decreasing,  screening 

function  such  that  s(0)  =  1  and  in  the  tail  region 

r  >  r  ,  s(r)  =  Z  /Z  . 
t  to 

We  write  the  solution  of  the  Dirac  equation  (1)  in 


g  =  cos  £  •  u  +  sin  i  ■  v 
f  =  Q(-sin  K  •  u  +  cos  5  •  v) 


where  v  =  (u'  -  ^  u)  •  P  =  —  /e^-1  and 

r  v?  “  * 

0  =  [ (e-l) / (e+1) ) 72 .  For  continuum  states  P  is  the 
momentum  of  the  particle  and  Q  is  the  ratio  between  the 
amplitude  of  the  small  component  f  and  the  large  compon¬ 
ent  g  in  the  asymptotic  region.  For  bound  states  P  and 
Q  are  imaginary  but  g  and  f  defined  in  eq.  (2)  remain 


and  u  satisfies  the  modified  Coulomb  equation 

+  [p2  +  u  =  0.  (5) 

Equation  (5)  has  the  following  properties: 

(i)  In  the  nonrelativistic  limit  it  reduces  to  the 
Schrodinger  equation  with  screening  function  s(r).  We 
choose  the  sign  of  y  such  that  y  =  -k  in  this  limit,  and 
the  angular  momentum  of  the  Schrodinger  equation  is 

i  =  k  (k  >  0)  or  1  =  -k-1  (k  <  0). 

(ii)  As  the  origin  is  approached,  y(r)  -► 

-  sign(k)  •  /kz-a2Z2  .  This  assures  the  correct 
behavior  of  u  (and  consequently  the  behavior  of  g  and  f) 
near  the  origin. 

(iii)  In  the  asymptotic  region,  when  r  tends  to 

infinity,  the  solution  u  of  the  modified  Coulomb  equation 
(5)  tends  to  the  solution  uc  of  the  Coulomb  equation  (3). 
with  y  »  y  and  Z  *  Zfc.  The  solution  of  the  Dirac 
equation  is  given  by  eq.  (2)  with  £  ■  »  arctan 

[(aZtQ)/(k-yt)]. 

Helpful  discussions  with  Prof.  R.  H.  Pratt  and  Dr. 

J.  Stein  are  gratefully  acknowledged. 


In  the  case  of  point  Coulomb  potential,  where  s(r) 
1,  g  and  f  defined  by  eq.  (2)  solve  the  Dirac  equation 
(1)  if  y  =  t  /kz-azZz  ,  tan  £  ^  0*Q  «  aZ^Q/Ck-y)  and 
u  satisfies  the  Coulomb  equation 


When  the  potential  is  screened,  we  still  have  a 
solution  in  the  form  (2),  if  the  following  relations 


rf  =  aZ  s(r)  •  (02  +  1)  -  2k0 
dr  o 


tan  £(r)  »  Q  •  0(r) 


r(r)  -  [k(Q292-l>  +  o2os(i-Q2)-9)/(Q292+l)  (Ac) 

“(r>  *  i(- & +  ^  +  £r  <k-*H  «d) 
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In  a  proceeding  work  (referred  to  hereafter  as  I) 
we  have  defined  the  modified  Coulomb  equation  (1.5),  the 
solutions  of  which  are  used  to  obtain  the  solution  of 
the  Dirac  equation  (1.1).  The  resemblence  of  eq.  (1.5) 
to  the  Schrodinger  equation  suggests  that  the  quantum 
defect  relation  for  the  Dirac  equation  can  be  derived 
in  a  way  which  is  analogous  to  the  nonrelativistic  case. 

the  tail  region  (r  £  r  )  the  solution  of  (1.5) 
can  be  written  as 


=  cos  6  *y^  +  sin 


i-y. 


2  r-*° 


Y  — rrn/2 

1 ?(Y+in) |  sin(w+5> 


(4) 


Thus  5  is  the  phase  shift  caused  by  the  non-Coulomb 
potential  in  equation  (1.5). 

(ii)  Below  threshold  (t  <  1).  Here  we  write 


cos  rii-yj  +  sin  rp-y2 


(5) 


u  =  cos(£  -£)"u  +  sin(C  -O'V 

t  c  t  c 


V  =  -sin(Ct“C)*uc  +  cos(C  -£)« 


(1) 


When  u  corresponds  to  a  bound  state,  its  exponentially 

growing  component  should  vanish.  Let  e  ,  be  the  energ 

n ,  k 

of  the  bound  state,  then 

|k|  -  n  =  integer.  (6) 


where  u  is  a  solution  of  the  Coulomb  equation  (1.3), 
c 

vc  •  [u'  -  (Yt/r)uc)  and  5^  *  arctan [ (oZtQ)/ (k-Yc) ] .  By 

eqs.  (I. 4a  and  I. 4b)  £(r)  =  in  the  tail  region  for 

k  <  0,  and  (£-£  )  ^  r  2Y  for  k  <  0.  Therefore,  the 
t  r+°° 

asymptotic  behavior  of  u  and  v  is  given  by  the  asymptotic 

behavior  of  u  and  v  . 

c  c 

One  can  find  a  pair  of  independent  solutions  of  the 
Coulomb  equation  (1.3),  regular  and  irregular  at  the 
origin,  with  the  following  asymptotic  behavior: 

(i)  Above  threshold  (c  >  1) 


Y-v(e  )  -  p(e  ) 
n,k  n,k 


Therefore  ^(en  is  the  quantum  defect  caused  by  the 
non-Coulomb  part  of  the  potential. 

Since  the  functions  uc»  y^  and  y 2  are  analytic 
functions  near  the  threshold,  we  can  continue  analytical¬ 
ly  the  quantum  defect  function  v(c)  to  values  above 
threshold,  and  we  get  the  relation2 


cot  6  =  (1  -  c  >s  27rye  cot  hjj  -  siri  2-rya  2lTn 


and  at  the  threshold  we  have 


(7) 


where  n  =  aZe/ /ez-l  and 


uj  =  pr  +  n£n2pr  +  j(1-y)  -  argr(y+in)  * 


(ii)  Below  threshold  (e  <  1) 


\y2 


r(l-Y+v)  [^77 


-x/v 


sin  tt(y-v) 


(3) 


(-cos  IT(y-v)) 

+  exponentially  decreasing  terms 
where  x  *  aZe-(r/A)  and  v  =  aZe/*/T-e^  .  These  two 
functions,  and  y2,  are  analytic  functions  of  the 
energy  near  threshold. 

Let  u  be  a  regular  solution  of  (1.5),  and  let  uc  be 
the  corresponding  Coulomb  function  according  to  eq.  (1). 
Then  u£  can  be  expressed  as  a  linear  combination  of  y j 
and  y2  (y  “  Yt) ; 

(i)  Above  threshold  (e  >  1).  Here  we  write 


Coulomb  potential,  corresponding  to  the  substitution  of 
y^  and  y^  in  (1.2).  Let  g  be  the  solution  of  the  Dirac 
equation  (1.1)  corresponding  to  the  solution  u  of  the 
modified  Coulomb  equation  (1.5).  Then,  by  (1.2)  and  (1), 
<5  and  p  are  the  phase  shift  and  the  quantum  defect  of  the 
Dirac  function  g  caused  by  the  non-Coulomb  potential  in 
the  Dirac  equation  (1.1).  Equation  (7)  gives,  therefore, 
the  single  channel  relativistic  quantum  defect  relation. 

Helpful  discussions  with  Prof.  R.  H.  Pratt  are 
gratefully  acknowledged. 
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The  generalized  WKB  method,  for  which  Coulomb 

functions  are  used  as  comparison  functions,  was  employed 

for  getting  approximate  solutions  to  the  modified  Coulomb 

2 

equation  for  the  relativistic  case.  By  using  the  exact 
relation  (eq.  2  of  ref.  2)  between  the  modified  Coulomb 
functions  and  the  Dirac  functions,  we  obtained  approx¬ 
imate  phase  shifts  and  continuum  normalizations  of 
relativistic  particles  in  a  spherically  symmetric  poten¬ 
tial.  The  calculations  have  been  done  for  a  wide  range 
of  energies  (1  eV  -  1  MeV),  angular  momenta  (|k[  =  1,  2, 
10)  and  atomic  numbers  (Z  =  6,  50,  92).  The  poten¬ 
tials  used  in  the  calculations  were  the  DHFS  of  Liberman 

4 

and  the  APT  potential  of  Pratt. 

Exact  phase  shifts  and  continuum  normalizations  of 
the  Dirac  functions  were  obtained  by  solving  numerically 
the  Dirac  equation  in  the  same  potential.  The  comparison 
between  the  exact  and  approximate  results  shows  that  the 
higher  the  energy  or  the  angular  momentum  are,  the  higher 
is  the  accuracy  of  the  approximation.  This  feature  is 
common  to  the  three  elements  studied. 

We  present  here  the  results  for  tin  (Z  =  50) ,  cal¬ 
culated  In  the  DHFS  potential  with  Coulombic  tail  of 
charge  Ztail  *  1.  Figure  1  shows  the  relative  error  of 
the  continuum  normalizations  [ N (WKB ) /N (exact )  -  1]  as  a 
function  of  the  energy  for  various  angular  momenta. 

Figure  2  shows  the  phase  shift  error  (6(WKB)  -  <5(exact)] 
for  the  same  energies  and  angular  momenta. 

Two  special  cases  are  worth  mentioning,  (i)  For 
k  *  -1  (s  wave)  the  modified  Coulomb  equation  has  no 
classical  turning  point  and  the  generalized  WKB  method 
has  been  slightly  modified  in  order  to  be  applied  for 
this  case.  (ii)  When  the  modified  Coulomb  equation  has 
more  than  one  classical  turning  point,  the  generalized 
WKB  method  cannot  be  applied.  This  case  may  be  connected 
with  the  occurance  of  a  shape  resonance. 
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We  have  derived  expressions  for  the  normalizations 
and  phase  shifts  of  continuum  wave  functions  in  screened 
Coulomb  potentials  within  the  generalized  WKB  formalism. 
The  Schrodinger  equation  for  the  exact  solution,  Y(p), 
and  the  equation  for  the  comparison  function,  U(R),  are 

v  *  k*(p)  V  =  o, 

dp *  ^  p  P  J  dP 


energies  and  £  4  0  the  standard  results  are  somewhat 
better  than  ours.  The  same  is  also  true  for  carbon  and 
iron.  We  have  used  throughout  H  =  n  and  other  choices 
of  H  can  further  improve  the  results.  Our  results  are 
also  better  than  the  APT  ones  when  energies  are  high  and 
£  values  big,  and  the  APT  results  are  better  for  small 
values  of  £  although  the  discrepancy  is  not  too  large. 


d2U 

dR7 


+ 


2H  £(£+1) 
R  R2 


d2U 

dR7 


+  K2(R)U  =  0, 


where  s(p)  is  the  screening  function*  (-mZe2) /ft2] 'ft/ 
/2mE  and  H  is  a  parameter.  Now  the  generalized  WKB 
approximation  y(p)  to  Y(p)  is 


y(p)  -  A(p )  U[R(p) ] 


where 


dR  _  k(p) 
dp  K(R) 


-  ‘-M* 


The  formalism  of  Barlett,  Rice  and  Good2  is  a 
special  case  of  our  formalism  in  the  limit  H  -►  *  namely, 
for  low  energies.  Then  one  practically  uses  Bessel 
comparison  functions  (their  J2l+l  aPProximatl-on)  instead 
of  Coulomb  comparison  functions. 

We  have  calculated  data  for  three  elements:  carbon, 
aluminum  and  iron  for  energies  ranging  from  0.1  keV  up 
to  100  keV  and  £  =  0,  2  and  10.  We  used  the  Herrnan- 
Skillman  potentials  with  Latter's  tail.  Apart  from 
comparing  our  results  with  exact  numerical  values  which 
we  computed,  we  also  compared  them  with  normalizations 
and  phase  shifts  calculated  within  the  framework  of 

different  approaches  to  the  problem:  a)  The  standard 

3 

WKB  approximation  with  Langer's  correction,  b)  The 

4 

Analytic  Perturbation  Theory  (APT)  approach.  Langer's 
correction  consists  of  the  substitution  £(£+1)  -*■  (£+  -j)2 
which  improves  the  results  dramatically,  except  for 
£  -  0.  We  present  results  for  aluminum.  Figure  1  shows 
the  relative  errors  in  the  normalizations  and  Fig.  2 
shows  the  difference  of  the  phase  shifts  from  exact 
numerical  results  for  both  approximations:  our  (solid 
lines)  and  the  standard  (dashed  lines).  All  quantities 
are  shown  as  function  of  energy  (drawn  on  a  logarithmic 
scale)  for  £  -  0,  2,  and  10. 

One  sees  clearly  that  for  £  ■  0  the  standard  results 
are  much  worse  than  our  WKB  ones.  Our  results  are  also 
better  for  high  energies  and  low  £  values.  Only  for  low 
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Fig.  1.  Relative  errors  in  the  normalizations  of  aluminum 
continuum  wave  functions  for  our  (solid  lines)  and  the 
standard  (dashed  lines)  WKB  approximations. 


Fig.  2.  Phase  shift  differences  of  aluminum  continuum 
wave  functions  for  our  (solid  lines)  and  the  standard 
(dashed  lines)  WKB  approximations. 
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There  are  several  sum  rules  for  complete 
sums  of  the  dipole  oscillator  strength  weighted 
by  the  k-th  power  of  the  excitation  energy, 

S(k),  that  require  only  the  occupied  orbitals 
for  evaluation.  It  is  also  well  known  that  the 
interpolation  of  these  data,  available  for 
certain  integer  k,  with  respect  to  k  provides 
a  number  of  useful  scattering  parameters, 
including  the  stopping  and  straggling  mean- 
excitation  energy  and  the  Lamb-shift  energy. 

A  number  of  interpolation  or  other  indirect 
calculative  techniques  have  been  motivated  by 
the  difficulties  encountered  in  their  direct 
evaluation.  An  entirely  new  interpolation 
method  is  reported  here. 

One  of  the  more  accurate  interpolation 
methods  that  uses  only  conveniently  calculated 
S(k)  data  relies  upon  a  quadratic  spline  fit 
to  an  auxiliary  function  of  S(k)1.  It  has  been 
possible  to  improve  upon  these  results  for  the 
case  of  atoms  by  using  hydrogen  values  for 
S(k)  and  their  convenient  effective-nuclear- 
charge  scaling  properties.  A  suitable  restruc¬ 
turing  of  the  hydrogenic  S(k)  formulas  and  a 
relationship  between  the  target  atom's  S(k)  are 
required.  This  defines  the  effective  nuclear 
charge  as  a  function  of  k,  Z(k).  The  Z(k) 
curve  is  expected  to  be  a  rather  smooth  function, 
decreasing  toward  the  target's  ionic  charge 
plus  one  as  k  decreases  and  increasing  to  a 
value  approaching  the  nuclear  charge  as  k 
becomes  large.  This  proves  to  be  true  and  the 
interpolation  of  Z(k)  can  be  done  with  reason¬ 
able  accuracy  and  simplicity. 

The  preceding  method  implies  an  S(k)  curve 
for  all  k  within  the  interpolation  range, 

-1  ^  k  <  2,  for  the  target  atom.  The  deriv¬ 
atives  of  this  curve  at  k  *  0(1)  provide  an 
approximation  to  the  stopping  (straggling) 
mean-excitation  energies.  Data  for  the  stopping 
mean-excitation  energies  are  shown  in  Fig.  1 
for  the  series  of  atoms  studied  in  Ref.  2. 

The  Ref.  2  data  should  be  considered  exact  in 
the  context  of  this  comparison.  It  can  be 


relative  error  magnitudes  being  0.35%  and  1.7%. 
These  errors  are  0.7%  and  2.0%  for  the 
straggling  mean-excitation  energy. 


FIGURE  1.  The  stopping  mean-excitation  energy 
1(0)  divided  by  the  target's  atomic  number  Z  is 
shown  as  a  function  of  Z.  The  solid  curve 
represents  the  "exact"  results  from  Ref.  2,  the 
short-dash  curve  gives  the  Ref.  1  data,  and  the 
long-dash  curve  presents  the  present  results. 

The  Ref,  1  method  requires  only  occupied 
orbitals  to  evaluate  the  interpolation  method, 
while  the  present  technique  requires  slightly 
more  structure  information.  Either  method  is 
considerably  easier  to  use  than  the  direct 
calculation  of  these  sums  and  their  accuracy, 
especially  in  the  case  of  this  new  method,  is 
sufficient  for  many  applications.  For  example, 
data  from  a  study  of  the  effects  due  to  several 
different  target  wave  functions  on  mean-excita¬ 
tion  energies  were  generated  with  great  ease. 
These  data  will  be  presented. 
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Bremsstrahlung  is  one  of  the  basic  atomic  processes. 
Many  theories  of  the  bremsstrahlung  process  have  been 
developed  and  various  calculations  of  bremsstrahlung 
radiation  cross  sections  have  been  performed.  Analytic 
formulas  for  the  cross  sections  of  electron-atom  brems¬ 
strahlung  are  available  for  both  classical  and  quantum 
mechanical  (either  nonrelativist ic  or  relativistic) 
approaches.  Each  has  its  own  approximations,  limitations 
and  regions  of  applicability.  A  comprehensive  study  of 
the  applicability  of  these  analytical  methods  was  car¬ 
ried  out  by  Pratt  and  co-workers,  comparing  the  results 

from  these  simple  analytical  formulas  with  the  results 

1  2 

of  numerical  partial  wave  calculations.  * 

It  is  believed  that  a  classical  method  is  good  for 
low  incident  electron  energies.  The  characteristic 
quantity 

n  -  v^(l-k/T1)  ,  ^  =  Za/6^>  8][  =  •/2T^  , 

may  be  used  to  specify  the  range  of  validity  of  the 
classical  method  in  electron  and  photon  energy.  For 
n  >  0.7,  classical  results  for  the  Coulomb  potential 

case  agree  with  accurate  numerical  partial  wave  results 

2  3 

of  quantum  mechanics  in  the  same  potential  within  5%. 

Analytic  formulas  for  the  classical  bremsstrahlung 
cross  section  are  available  only  for  the  Coulomb  poten¬ 
tial.  For  screened  potentials  a  numerical  method  is 
necessary.  Recently  we  have  developed  a  computer  code 
to  calculate  the  classical  bremsstrahlung  doubly  differ¬ 
ential  cross  sections  for  both  the  Coulomb  potential 
and  screened  potentials.  The  code  calculates  numerically 
the  trajectory  of  an  incident  electron  in  a  central 
potential  according  to  classical  dynamics,  then  calculates 
the  dipole  radiation  emitted  on  that  trajectory,  and 
integrates  over  all  the  trajectories  in  the  incident  beam 
of  electrons.  It  is  assumed  that  electron  energy  loss 
due  to  the  radiation  is  negligible  and  does  not  affect 
the  orbit.  Retardation  effects  are  also  neglected. 

One  test  of  the  numerical  accuracy  of  the  code  is 
obtained  by  examining  the  numerical  results  for  the 
Coulomb  potential  case,  for  which  analytic  results  are 
available.  For  2  i  Z  i  92  and  10  eV  i  T^  500  keV  the 
numerical  error  is  generally  less  than  1%  except  when 
Z  ■  2  and  Tx  -  500  keV. 

We  have  calculated  the  bremsstrahlung  spectra  and 
angular  distributions  of  radiation  from  neutral  He,  Al, 

Ag,  Au  atoms  described  as  Dirac-Slater  potentials,  for 
incident  electron  energies  10  eV  -  500  keV.  Comparison 


with  the  earlier  numerical  quantum  mechanical  calculations 
show  that  for  low  incident  electron  energy  the  classical 
method  is  also  generally  good  for  screened  potentials. 

As  an  example,  in  Table  I  we  show  our  results  for  Z  =  13 
and  T^  =  1  keV. 

Table  I:  Numerical  Classical  Bremsstrahlung  Cross  Sections 
do  =  (8^  k/Z2)da/dK  (mb),  Z=13,  Tj-1  keV 


k/T 

0.1 

0.4 

0.6 

0.8 

1.0 

EC 

9.98 

7.35 

6.77 

6.40 

6.16 

CC 

10.15 

7.90 

7.44 

7.16 

6.94 

ES 

3.77 

3.99 

4.06 

4.13 

4.17 

CS 

3.82 

4.23 

4.46 

4.65 

4.79 

R 

1.01 

1.01 

1.00 

0.99 

0.98 

EC:  Exact  quantum  mechanical  Coulomb  result;  CC:  numeri¬ 
cal  classical  Coulomb  result;  ES:  Exact  quantum  mechan¬ 
ical  screened  result;  CS:  Numerical  classical  screened 
result;  R  =  (CC/CS)/(EC/ES) . 


In  analytic  approaches  the  atomic  form  factor  is 
often  used  to  predict  cross  sections  for  screened  poten¬ 
tials.  However  the  form  factor  method  is  good  only  for 
relatively  high  electron  energies  and  light  elements.  For 

example,  for  Z  =  79,  T^  *  5  keV,  the  Elwert-Born  form- 
factor  method  gives  30%-100%  error.  **  Our  present  numeri¬ 
cal  classical  results  give  far  less  error  (4%  at  the  soft 
photon  endpoint  and  about  10%  in  the  hard  photon  region) . 

For  relatively  low  electron  energy  our  classical  approach 
gives  better  results  than  the  form-factor  method.  It 
also  takes  much  less  computer  time  than  a  full  numerical 
partial  wave  quantum  mechanical  calculation. 

With  increasing  electron  energy  the  discrepancy 
between  classical  results  and  partial  wave  results  in¬ 
creases  both  in  the  Coulomb  potential  and  screened  poten¬ 
tial  cases.  However  we  find  that  the  ratio  between  Cou¬ 
lomb  results  and  screened  results,  predicted  classically, 
remains  close  to  that  of  the  full  quantum  mechanical 
calculation.  This  indicates  that  the  screening  factor 
(defined  as  the  ratio  of  screened  to  Coulomb  result)  found 
classically  can  be  used  together  with  quantum  Coulomb 
results  to  obtain  useful  predictions.  While  the  atomic 
form  factor  method  is  good  for  sufficiently  high  energies, 
it  does  require  calculation  of  triply  differential  cross 
sections. 
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DOUBLE  ATOMIC-FIELD  BREMSSTRAHLUNC 
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Double  atomic-field  brerasstrahlung  is  the  sim¬ 
ultaneous  radiation  of  two  photons  by  an  electron  in 
the  Coulomb  field  of  an  atom.  The  process  is  fourth 
order  in  QED  and  has  been  computed  in  the  first  Born 
approximation  by  Smirnov. ^  In  a  coincidence  experi¬ 
ment,  we  have  observed  two  photons  radiated  at  90  and 
270  degrees  with  respect  to  a  75  keV  electron  beam 
incident  on  thin  film  targets  of  Ag,  Tb,  Au  or  U.  One 
photon  energy  (k^)  was  fixed  at  20  keV  in  a  Si(Li) 
detector,  and  the  second  photon  energy  (k^)  was  varied 
from  10  to  50  keV  in  an  HpGe  detector.  The  energy 
window  was  +  5  keV.  A  modification  of  the  conventional 
fast-slow  coincidence  technique  was  used. 

We  interpret  the  observed  coincidences  as  due  to 
double  atomic-field  bremsstrahlung  and  determine  the 
absolute  cross  section  by  normalization  to  the  single 

bremsstrahlung  spectrum  observed  in  each  detector  using 

2 

the  tabulated  theoretical  cross  sections.  The  results 
for  Au  and  U  are  shown  in  Fig.  1.  The  curves  shown 
are  our  evaluation  of  Smirnov's  formula.  The  data  dis¬ 
agrees  with  the  theory  in  both  magnitude  and  photon  energy 
dependence.  In  Fig.  2,  the  cross  section  divided  by  the 
square  of  the  atomic  number  is  plotted  versus  Z  for  the 

case  of  k  =20  keV  and  k  =40  keV.  The  data  agrees  with 
2  1  2 

a  Z  dependence  but,  within  the  errors,  is  also  con- 
3 

sistent  with  Z  or  a  more  complex  Z  dependence. 

A  variety  of  other  processes  which  could  lead  to 
two-photon  coincidences  have  been  estimated  to  make  a 
small  contribution  to  the  observed  rate.  When  the 
photon  energy  window  includes  a  target  x-ray,  it  is 
possible  to  have  simultaneous  inner-shell  ionization 
and  bremsstrahlung  radiation.  We  find  some  preliminary 
evidence  for  this  effect  as  an  enhancement  in  the  co¬ 
incidence  rate  for  Au  over  that  for  U  for  kj=20  and 
k2=10  keV.  We  hope  to  have  additional  data  on  this 
radiative  inner-shell  ionization  process  by  meeting 
time. 

The  results  reported  here  have  been  submitted 
3 

for  publication. 

This  research  is  supported  by  The  Robert  A. 

Welch  Foundation. 
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FIGURE  1  Cross  section  in  yb/keV  sr  for  Au  and  U 
versus  k2*  The  errors  on  the  U  data  are  comparable 
to  those  shown  for  Au. 
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FIGURE  2  Cross  section  divided  by  Z  versus  Z  for 
kj»20  keV  and  k2*40  keV. 
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The  bremsstrahlung  radiation  spectrum  has  been 
observed  at  90  degrees  for  electrons  of  10  and  15 
keV  on  a  variety  of  molecular  gas  targets.  The  appar¬ 
atus  has  been  described  previously. *  The  targets  were 
selected  to  investigate  first,  the  additivity  of  the 
bremsstrahlung  cross  section;  and  second,  molecular- 
field  effects  related  to  different  geometry  or  differ¬ 
ent  atomic  bond  lengths.  Additivity  refers  to  com¬ 
puting  the  molecular  cross  section  by  adding  the  atomic- 
field  cross  sections  for  the  constituent  atoms,  and  it 
is  expected  to  be  valid  for  electron  bombarding  energy 
as  high  as  10  keV.  In  the  first  category,  we  have 

studied  sulfur  bearing  molecules  of  H  S,  SO.,  and  SF,. 

2  2  o 

Typical  results  are  shown  in  Fig.  1  for  10  keV  incident 

electrons.  The  solid  lines  are  the  result  of  adding 
.  2 

the  atomic  cross  sections.  The  data  are  scaled  to 
the  theory  in  a  one-parameter  fit  over  the  region  of 
5  keV  to  the  endpoint.  As  can  be  seen,  the  region 
below  about  5  keV  is  increasingly  affected  by  atten¬ 
uation  in  the  vacuum  chamber  and  detector  window, 
and  has  not  been  included  in  the  fit.  The  agreement 
is  good  for  ail  three  gases  and  for  both  10  and  15 
keV  electrons. 

The  second  category  is  represented  by  the  ethane 

series:  C  H  ,  C_H. ,  and  C„H, .  Results  are  shown  for 
22  2  4’  26 

15  keV  in  Fig.  2.  In  this  case  the  fit  to  theory  is 
not  as  good  as  that  observed  for  the  sulfur  gases. 

There  are  several  possible  reasons  for  this:  (1) 

The  hypothesis  of  additivity  may  not  be  correct  for 
these  gases.  (2)  The  atomic  cross  sections  for 
carbon  or  hydrogen  may  be  inaccurate.  (3)  There 
may  be  some  contribution  from  electron-electron 
bremsstrahlung  which  enhances  the  cross  section 
below  the  electron-electron  endpoint  of  7.3  keV. 

In  addition,  we  will  present  data  comparing 
normal  with  isobutane,  nitrogen  with  neon,  and 
molecular  hydrogen  with  helium. 

This  research  is  supported  by  The  Robert  A. 

Welch  Foundation. 
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FIGURE  1  Plot  of  kdo/dftdk  in  mb/sr  for  10  keV 
electrons  on  sulfur  hexafluoride,  sulfur  dioxide 
and  hydrogen  sulfide  versus  radiated  photon  energy. 
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FIGURE  2  Plot  of  kdo/dftdk  in  mb/sr  for  15  keV 
electrons  on  ethyne,  etft<?ne»  C2^U  an<* 

ethane,  02^  versus  radiated  photon  energy. 
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An  explicit  form  of  the  Feshbach  projection 
operators  [P  and  Q  ( =1— P) ]  for  the  many-electron 
target  has  been  derived.1  We  have  now  calculated 
QHQ  energies  for  the  He'[ls(2s2) :2S] 
resonance.  In  Table  I,  resonance  energies  obtained 
from  40  term  configuration  interaction 

wavefunctions  using  both  the  Feshbach  and 

2 

quasi -projection  operator  methods  are  listed. 


Table  I:  Projection  operator  and  quasi-projector 
energies  (£•,£)  in  eV  for  the  lowest  e-He  resonance 


He“[ls(2s2) 

:2S] 

TARGET 

TARGET 

ENERGY 

A 

E 

o 

QUASI - 
PROJECTOR3 

?  -E 

o 

t*  ESHBACh 
PROJECTOR 

f-E  £-e 

0  ^  O 

closed 

77.487 

19.360 

19.582 

18.067 

open 

78.249 

19.378 

19.655 

18.902 

01 

78.780 

19.377 

19.603 

19.381 

Complex  rotation  (ref. 
Experiment  (ref.  4): 

3);  19.387 

19.367+0.009 

The  width  of  the  He'  resonance  is  also  being 
calculated,  using  the  exchange  approximation  for 
the  non-resonant  continuum, 

^0^lIuo(ri>  *pa))  I  • 

Here  fa  is  the  antisymmetrizer  and  uQ  is  the 
exchange  approximate  scattering  function  coming  from 
<  i U  (H-E)P  '♦'„>=  0  for  the  channel  wave 
function  i/>  associated  with  each  target 
approximation.1  Equations  and  solutions  for  the 
targets  listed  in  Table  I  are  being  developed.  It 
should  be  noted  that  the  usual  expression  for  the 
width  matrix  element  <  0  <l>|  H-E  |  P^?  reduces 
to  <  «t>  |  H-E  |  P  <l'o>  .  Thus  that  calculation  does 
not  require  any  additional  projectors  other  than 
what  is  used  in  the  QHQ  calculation  for  <l>  .  This 
should  make  the  width  calculation  quite 
straightforward,  and  we  expect  to  present  results 
at  the  meeting. 


a.  Ref.  2  with  additional  optimization. 

Eq  =  exact  target  energy  =  -79.0016  eV. 

The  Feshbach  projector  energy  is  seen  to  be 
higher  than  the  respective  quasi-projector  energy 
[Also,  importantly,  this  difference  does  not  vanish 
as  the  target  approaches  a  closed  shell.] 

-  A 

Furthermore,  -Eq  increases  monotonically  to  a 
value  close  to  experiment.  Table  I  suggests  that 
if  one  can  use  a  set  of  improving  ground  states,  it 
is  preferable  to  deduce  the  resonant  energy  by 

A 

subtracting  EQ,  whereas  if  one  is  confined  to  a 
comparatively  simple  target  function,  then 
subtraction  of  the  exact  EQ  is  preferable1. 

For  the  present  2-electron  target  the  former  is 
clearly  the  case,  to  the  extent  that  calculations 
of  the  energy  shift,  A  ,  will  also  be  undertaken. 
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Atomic  hydrogen  is  of  great  interest  to  both 
theoretical  and  experimental  physicists.  The  hydrogen 
atom  neutral  state  wave  functions  have  exact  algebraic 
descriptions,  a  powerful  starting  point  for  determining 
differential  cross  sections  for  the  scattering  of 
electrons  from  atomic  hydrogen  into  various  exit 
Channels.  Theoretical  treatments1'2  have  predicted  large 
numbers  of  temporary  negative  ion  states  of  hydrogen, 
only  some  of  which  have  been  seen  experimentally3'4. 
Experimentally,  atomic  hydrogen  has  proved  to  be  a 
challenging  species  to  study  because  of  the  difficulty  of 
dissociating  naturally  occuring  molecules  while 
inhibiting  their  recombination  back  into  molecules.  A 
sophisticated  source5  has  been  employed  using  an  RE 
discharge  to  dissociate  hydrogen  molecules.  This  source 
has  been  combined  with  a  high  sensitivity,  high  energy 
resolution  electron  spectrometer  to  study  excitation 
functions  of  the  elastic  (n-l)  and  inelastic  (n-2,  3) 
Channels  of  atomic  hydrogen. 

High  energy  resolution  of  typically  25  mev  has  been 
achieved  and  the  considerable  Improvement  In  sensitivity 
over  earlier  work  has  enabled  much  new  resonance 
structure  to  be  observed.  The  elastic  ( n-1 )  Channel 
excitation  functions  (see  Figure  1)  show  negative  ion 
resonances  with  the  following  synetriesi  Is,  3P  and  1D. 
The  Ip  resonance  structure  in  the  elastic  Channel  has  not 
been  reported  in  the  literature  though  Williams3  gives 
elastic  excitation  functions  showing  the  3s  and  3P 
resonances.  Inelastic  differential  cross  section 
measurements  have  been  carried  out  and  results  from  these 
studies  will  be  presented.  These  measurements  are  also  of 
much  higher  sensitivity  than  earlier  work4  and  show  an 
abundance  of  resonance  structure  between  the  threshold  of 
the  n-2  state  and  the  ionization  energy.  Possible 
interpretations  of  the  resonance  structure  will  be 
suggested  and  comparisons  will  be  drawn  between  the 
current  data  and  existing  theoretical  predictions. 
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Pigure  1  Elastic  differential  cross  section  in  atomic 
hydrogen  for  angles  33°,  54°,  70°  and  30°.  The  bars 
indicate  the  relative  size  of  the  observed  features  with 
respect  to  the  background. 
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In  the  past,  the  accurate  measurement  of  the 
autoionizing  width  of  a  three-electron  ion  has  been 
limited  to  the  He"  system  for  which  an  electron  trans¬ 
mission  scattering  experiment  was  adopted.^  Very  re¬ 
cently,  an  optical  emission  spectroscopy  technique  has 
been  developed  to  measure  the  C1s(2s2p)3P]2P°  and 
(ls2p2p)2D  resonances  in  Li  I2  and  Bell3-  The  widths  of 
these  states  have  been  obtained  by  analyzing  the  broad¬ 
ened  line  profiles  resulting  from  the  optical  transi¬ 
tions  (ls2p2p)2P  -*■  [ls(2s2p)3PT2P°  and  C(ls2p)3P3dl  2D°-> 
( 1 s2p2p ) 2D  which  are  seen  in  beam-foil  light  sources. 
These  radiative  transitions  are  observed  because  the 
upper  state,  although  core-excited,  is  metastable 
against  autoionization  in  the  LS  coupling  scheme  due  to 
conservation  of  parity.  These  lines  are  broadened  due 
to  the  fact  that  the  lower  state  primarily  decays  by 
autoionization.  The  total  width  of  these  lines  is  the 
sum  of  the  radiative  and  autoionization  widths  of  the 
upper  and  lower  states.  In  the  energy  region  of  in¬ 
terest,  the  relativistic  spin-induced  autoionization 
rates  of  the  upper  states  are  very  small.  The  radia¬ 
tive  width  is  also  much  smaller  than  the  Auger  width 
for  these  low  Z  systems. 

In  this  work,  we  present  results  for  the  calculated 
widths  for  lithi un-like  ions.  A  total  of  twelve  dif¬ 
ferent  resonances  are  considered  for  Lil,  Bell  and  Bill. 
These  results  are  obtained  by  using  the  saddle-point 
complex-rotation  method.  The  total  wave  functions  are 
of  the  configuration  interaction  type  and  are  given  by 
the  sum  of  a  closed-channel  segment  and  an  open-channel 
segment.  The  vacancy  in  the  resonance  is  built  into 
the  closed-channel  segment  using  the  saddle-point 
method^.  The  open-channel  is  given  by  the  product  of  a 
two-electron  target  state  and  an  outgoing  electron 
wave  function.  When  the  complex- rotation  is  carried 
out,  the  coordinates  of  the  closed  channel  as  well  as 
the  target  state  wave  function  are  rotated  with  the 
hamiltonian.  The  complex  energy  eigenvalue  is  obtained 
by  searching  for  the  stabilized  complex  energy  expecta¬ 
tion  value  of  the  hamiltonian  with  respect  to  varia¬ 
tions  of  the  rotational  angle,  the  non-linear  para¬ 
meters  in  the  outgoing  wave  function  and  the  linear 
parameters  in  the  total  wave  function.  In  general,  we 
found  that  the  convergence  is  excellent  for  the  real 
part  of  the  eigenvalue,  whereas  for  the  imaginary  part 
it  depends  sensitively  on  its  magnitude.  For  example, 


the  width  of  Bell  (ls2p2p)2D>  1.0129  x  10"3  a.u.,  con¬ 
verges  to  all  five  digits  but  for  Bell  C ( 1 s2s ) 1 ,3d]2D, 
there  is  only  one-digit  convergence  with  a  width  of 
0.3  x  10-5  a.u. 

When  the  calculated  results  are  compared  with 

?  3 

those  of  the  optical  emission  measurements  *  ,  we  find 
that  the  agreement  is  very  good  for  Bell  and  for  the 
(Is2p2p)%  and  C ( 1 s2s ) 3S , 3d32D  resonances  of  Lil.  How¬ 
ever,  for  the  Cls(2s2p)3PD  2P°of  Li,  our  calculated  re¬ 
sult,  3.71  meV  is  larger  than  the  experimental  result 
of  2.6±0.13  meV  by  about  40£.  Due  to  this  substantial 
difference  between  the  theory  and  experiment,  a  de¬ 
tailed  study  was  made  of  the  convergence  of  this  width 
with  respect  to  the  closed  channel,  ODen  channel  target 
state,  and  outgoing  electron  wave  function  to  assess 
the  stability  and  the  reliability  of  the  theoretical 
result.  It  appears  that  our  result  is  stable  within  the 
framework  of  the  saddle-point  complex-rotation  method. 

It  is  interesting  to  note  that  in  the  oresent 
calculation,  no  orthogonality  condition  has  been  ex¬ 
plicitly  imposed  in  constructing  the  open  and  closed- 
channel  segments  of  the  wave  function.  Nevertheless, 
in  the  case  of  this  Li  Cls(2s2p)3Pl2P°calculation,  we 
found  that  the  overlap  integral  of  the  open  and  closed 
channel  is  only  0.000007.  This  small  overlap  suggests 
that  carrying  out  the  saddle-point  variation  procedure 
for  the  closed-channel  segment  results  in  a  wave 
function  that  is  essentially  orthogonal  to  the  open 
channel.  The  detailed  results  of  this  calculation  will 
be  presented  in  the  conference. 

‘Support  by  the  National  Science  Foundation,  Grant  No. 
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We  report  here  on  measurements  of  elastic  and 
inelastic  electron  scattering  by  sodium  and  potassium 
atoms,  at  energies  between  1  and  5  eV.  The  energy  loss 
spectra  and  the  energy  dependence  of  the  intensity  of 
some  lines  were  studied. 

The  electron  spectrometer  with  a  127°  electro¬ 
static  energy  analyzer  for  electrons  scattered  through 
90°  in  vapor-filled  cell  was  described  earlier  \  The 
energy  spread  of  the  primary  electron  beam  used  was 
typically  150  meV  and  the  energy  resolution  of  the 
analyzer  was  40  meV.  The  vapor  pressure  in  the  cell 

_3 

did  not  exceed  10  Torr  as  determined  from  the  tempe¬ 
rature  of  a  metal-filled  container.  The  electron  beam 

-7 

current  in  the  collision  zone  was  about  10  A. 

The  energy  dependences  of  the  differential  cross 

sections  (DCS)  for  elastic  scattering  through  90°  and 

2 

excitation  of  resonance  n  P  -  levels  are  shown  in 

Fig.1  and  2.  There  is  a  good  agreement  with  a  previous 
2-3 

experiments  in  the  behavior  of  the  elastic  scatter¬ 
ing  curves  near  the  first  inelastic  threshold  (peak  1 
in  Fig.1,  2),  and  some  deviations  are  attributed  to 
the  different  angular  resolutions  of  the  instruments. 
However,  we  found  a  wealth  of  heretofore  unobserved 
structures  in  the  DCS  which  are  due  to  formation  and 
decay  of  shortlived  Na”  and  K”  ions  and  threshold- 
effects.  The  energy  position  of  some  structures  are 
given  in  table  1 .  The  energy-determination  accuracy  is 
estimated  at  -  30  meV. 

Table  1 


E(eV)  E(eV)  E(eV) 


Num¬ 

ber 

Na 

K 

Num¬ 

ber 

Na 

K 

Num¬ 

ber 

Na 

K 

1 

2.10 

1 .61 

7 

3.97 

2.87 

13 

9  .22 

3-62 

2 

2.35 

2.01 

8 

3.56 

2.99 

19 

9.33 

3-79 

3 

2.72 

2.18 

9 

3.72 

3.08 

15 

9  .90 

3-93 

it 

2.99 

2.37 

10 

3.87 

3.28 

16 

9.53 

- 

5 

3.15 

2.56 

11 

9.02 

3.90 

17 

9  .62 

- 

6 

3.91 

2.79 

12 

9.17 

3.53 

18 

9.73 

- 

Reference 

1.  S.M.  Kazakov  et  al.,  Sov.Phys.  JETP  51,  847,0980). 

2.  M.Eyb,  J.  Phys.  B  9,  101,0976). 

3.  M.Eyb,  H. Hofmann,  J.  Phys.  B  8,  10950975). 

FIGURES  1  and  2  Energy  dependence  of  the  DCS: 

2 

1,2  -  elastic  scattering,  3  -  excitation  of  n  P  - 
levels . 
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RESONANCES  IN  METASTABLE  EXCITATION 

N.3.  Mason  and  W.R.  Newell 

Department  of  Physics  and  Astronomy,  University  College  London.  Gower  Street,  London  WC1E  6BT . 


Metastable  states  in  atoms  and  molecules  provide 
a  convenient  natural  energy  storage  system  especially 
for  the  transport  of  energy  through  plasmas.  Renewed 
interest  in  such  applications  of  atomic  and  molecular 
systems  has  placed  a  fresh  demand  on  the  need  for 
accurate  total  metastable  cross  sections. 

Cross  sections  for  the  excitation  of  metastable 
states  in  rare  gases  and  some  diatomic  molecules  l N 2 .  H2 
are  measured  using  a  monochromated  pulsed  electron  beam 
with  time  of  flight  analysis  of  the  scattered  products. 

The  experimental  arrangement  consists  of  a  newly 
designed  electron  gun  which  produces  a  beam  of  lpA  at 
6eV  incident  on  an  electro  static  hemispherical  monochro¬ 
mator.  Special  attention  has  been  given  to  the  electron 
beam  extraction  system  and  the  influence  of  the  initial 
pupil  associated  with  the  hairpin  cathode  on  the  perfor¬ 
mance  of  later  stages  of  the  gun.  The  pupil  is  subse¬ 
quently  focussed  to  infinity  at  the  monochromator  with 
the  aid  of  a  field  lens  inserted  between  the  accelerating 
and  deccelerating  regions  of  the  staged  electron  gun. 

By  operating  the  three  element  field  lens  with  the 
centre  element  below  the  cathode  potential  it  is 
possible  to  utilize  it  also  as  a  filter  lens  which  will 
provide  some  pre-energy  selection  before  the  beam  enters 
the  monochromator.  The  nett  effect  of  this,  combined 
with  the  zero  beam  angle  in  the  monochromator,  is  to 
give  an  enhanced  (25%)  transmission  of  the  electron 
beam  through  the  monochromator  with  an  energy  resolution 
of  30meV  at  2eV  input.  Since  there  is  a  nett  momentum 
transfer  to  the  atomic  beam  direction  it  is  necessary 
to  place  the  detector  at  an  angle  which  accomodates  the 
effect  of  the  momentum  transfer  to  the  metastable  atoms 
and  also  ensure  that  all  of  the  metastable* are  detected. 

A  10V,  lOOus,  negative  pulse  applied  to  the  filter 
lens  is  sufficient  to  modulate  the  electron  beam.  The 
time  of  flight  spectra  consist  of  photons  which  arrive 
as  a  prompt  pulse,  followed  by  scattered  electrons  which 
arrive  at  the  detector  within  30ns  of  the  trailing  edge 
of  the  primary  electron  pulse  and  finally  metastablef 
and  ions  which  have  flight  times  of  x  70us  depending 
on  the  particular  atomic  species  under  study.  The 
positive  ions  are  removed  by  the  application  of  a  small 
positive  voltage  at  the  entrance  of  the  detector. 

A  typical  metastable  excitation  cross  section  in 
H2  is  given  in  Figure  (1).  The  features  labelled  A1  to 
A8  are  resonance  structures  observed  in  the  metastable 


channel  while  the  features  Cl  to  C7  are  ultraviolet 
emission  structures.  These  were  only  seen  when  the 
detector  was  sensitized  with  cesium  iodide.  The  feature* 

Cl  to  C7  can  be  removed  in  the  time  of  flight  mode. 


Resonance  structures  in  the  rare  gases  N2  and  H 2 
will  be  presented  and  compared  to  current  work  l,2  in 
this  field. 
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THEORETICAL  STUDY  OF  PARTIAL  WIDTHS  AND  RESONANCE  NORMALIZATION 


D.  K.  Watson,  University  of  Oklahoma,  Norman,  Ok* 

The  theoretical  determination  of  partial  widths  in 
multichannel  resonance  problems  is  studied  using  a 
variety  of  methods  including  the  use  of  the  golden-rule 
formula  with  explicitly  normalized  resonance  wavefunc- 
tions.  In  addition  we  determine  the  residues  of  the 
open-channel  submatrix  of  the  resonant  T  matrix  by  direct 
differentiation  of  the  T  matrix  denominator.  We  compare 
these  residues  to  the  golden  rule  partial  widths  obtained 
with  different  normalizations  of  the  resonance  wavefunc- 
tions.  A  new  expression  for  the  normalization  factor  of 
resonance  wavefunct ions  is  derived.  A  recently  intro¬ 
duced  method  of  determining  multichannel  resonances 
which  searches  the  complex  plane  for  the  poles  of  the  T 
matrix  is  employed  to  investigate  these  methods  for  a 
model  problem.  Essentially  exact  results  are  obtained 
with  small  sets  of  basis  functions.  Accurate  representa¬ 
tions  of  the  normalized  resonance  wavefunct ions  are 
easily  constructed  using  the  appropriate  multichannel 
Green’s  function  which  enforces  the  correct  asymptotic 
behavior  in  each  channel.  We  compare  our  results  to  the 
exact  results  and  to  the  results  of  other  methods. 

♦Supported  by  the  National  Science  Foundation  Grant 
PHY-8403031  and  by  the  Air  Force  Office  of  Scientific 
Research  Grant  AFOSR-84-0379 . 
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TWO-CENTER  COl/lOMR  WAVE FL-NCT ION  DESCRIPTION  OF  TWO-ELECTRON  ATOMS 

James  M.  Feagin,*  John  S.  Beiges.-*'  and  Thomas  P.  Weissert* 

*Cj  l  i  fnrn  j  a  State  I‘n  i  vers  i  tv  .  Fullerton.  CA  92634.  USA 
+Un i versitat  Freiberg.  7800  Freiburg.  W.  Germany 


Considerable  progress  has  been  made  in  the 
unde  r  si  and  in?  of  the  highly  correlated  motion  of  two 
electrons  in  H”  ions  and  in  douhiv  excited  states  of 
the  helium  atom.  Followin'*  the  pioneering  work  of 
Macek.l  attention  has  been  focussed  upon  the 
approximate  separation  of  the  problem  using 
hvoe  raphe  r  i  c  a  1  coordinates,  and  examples  of  ’.his 
approach  abound  in  the  literature.  To  the  extent  that 
the  inter-electron  axis  is  “stiff"  when  the  two 
electrons  are  highly  correlated,  one  can  Imagine  that 
the  relative  electron  vector  R  (one  of  the  Jacobi 
coordinates)  may  be  a  uselul  coordinate  to  describe 
such  motion.  Indeed,  it  has  been  shown  that  some 
aspect  s  of  threshold  laws  for  three-body  break-up  are 
better  derived  using  Jacobi  coordinates.-  There  is  the 
further  advantage  that  the  adiabatic  problem  where  R  is 
held  fixed  can  be  solved  exactly.  The  solutions  are 
just  those  of  the  two-center  Coulomb  problem,  initially 
derived  to  describe  states  of  the  H2  +  molecular  ion. 

At  the  same  time,  one  would  like  to  develop  a 
method  with  all  the  numerical  utility  of  t  h**  qhxf  i  r 
hype rspher i ca 1  methods.  but  one  that  better 
characterizes  other  symmetries  of  two-electron  states. 
In  hvperspherical  analyses  to  date,  symmetries  for  the 
most  part  are  only  surmised  on  the  basis  of  numerical 
data . 


In  the  center  of  mass  (CM)  system,  the  other 
Jacobi  coordinate  is  the  separation  r  of  the 
two-electron  CM  and  the  ionic  core.  Two-center  Coulomb 


functions  are  eigenfunctions  of 


Vr 


2pl2,3 


Z 

lr  +  *s  R| 


<J>n(r  ,R)-en(R)<J)n<r  ,R)<  1  ) 


which  define  correlation  potentials  en(R>  as  scaled 
H2+  binding  energies. 

f  (R)  -  u,,  ,:r  E(  H* )  .  R  -  R(H*>/u,,  ..Z  (2) 

n  12.3  l  l  1 L . J 


Here  uj2  j  *  2 •  the  reduced  mass  of  the  two-electron  CM 
relative  t.o  the  ion  7. .  One  finds'*  a  remarkable 
qualitative  similarity  of  the  potentials  tn(R)  as  a 
function  of  R  with  ad i aba t ic  hvperspherical  potentials 
as  a  function  of  the  hyper  radius.  This  similarity  is 
especially  pronounced  in  doubly  excited  levels. 

One  finds,  for  example,  that  the  lsng  potential 
describes  predominant ly  the  (lsns)*Se  series,  while  the 
2p<ru  level  the  ( 1 sns ) series.  As  in  hvperspherical 


analyses,  the  independent  particle  designation  nin'i’ 
is  not  exact.  Although  we  find  by  numerical 
integration  of  the  correlation  potentials  the  position 
of  the  lowest  members  of  these  series  to  be  high,  we  do 
find  the  relative  position  of  other  members  of  a  series 
to  be  better.  (Also,  we  find  as  expected  the  (ls2s)-*Se 
ground  state  of  2pou  to  lie  below  the  first  excited 
(]s2s)*Se  state  of  IsOg.)  Thus,  the  method  appears  to 
represent  correlation  energies  best,  and  one  expects 
improvement  in  describing  doubly  excited  states. 

A  difficulty  with  the  two-center  description 
occurs  in  the  separa ted-atom  limit.  Physically,  the 
system  wavefunction  >r  large  R  must  describe  one 
electron  at  rest  relative  to  an  atomic  (electron-ion) 
center  of  mass.  The  two-center  functions  for  large  R 
describe,  howe  er,  a  long,  rigid  rod  of  mass  UJ2.3  "  2 
with  one  end  bound  to  the  ion.  Thus,  the  correlation 
potentials  are  too  low  at  large  R  by  a  factor  two.  It 
has  been  shown^,  however,  that  this  difficulty  can  be 
resolved  by  scaling  the  mass  UJ2.3  ant*  including  the 
diagonal  matrix  element  of  v2^/2ui2  the 

determination  of  the  correlation  energies,  where  u\2  “ 
1/2  is  the  two-electron  reduced  mass.  These  studies 
were  mostly  concerned  with  correcting  the  same 
difficulty  in  H2+.  but  did  calculate  ground  state 
energies  in  helium  and  in  H“. 

We  will  present  details  of  our  classification 
scheme  and  indicate  the  molecular-like  rotational  and 
radial  couplings  that  would  lead  in  our  description  to 
autoionization  in  doubly  excited  states.  We  shall  also 
compare  our  description  with  other  related 
descriptions-*,  and  indicate  how  our  analysis  might  be 
included  in  an  adiabatic  hvperspherical  treatment. 
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CORRELATION  EFFECTS  IN  NEGATIVE  ALKALI-IONS 
Birte  Chr i st en sen -Dal sgaard 

Kemisk  Laboratori v"’  IVt  H.C.0rsted  Institute 
DK-2100  Copenhagen  0,  remark 


It  is  well  known  that  the  ground  state  of 
the  negative  alkali  ions  are  stable  only  due  to 
a  large  degree  of  correlation  ,  therefore  the¬ 
se  seen  natural  candidates  in  which  to  study 
strongly  correlated  motion. 

For  the  description  of  eg  the  detachment 
process  (which  in  general  is  too  complex  to  al¬ 
low  the  use  of  elaborate  wavefunct  ionr.  for  the 
atoms(ions)  involved),  we  need  to  construct 
simple  functions  which  resembles  the  real  ones 
in  as  many  physical  aspects  as  possible.  In  this 
connection  the  understanding  of  the  role  of  ra¬ 
dial  and  angular  correlation  is  very  important. 

Except  for  the  few  lowest  resonances  of  the 
negative  al kal i -ion s ,  nothing  is  known  theore¬ 
tically  about  the  resonance  spectrum  of  these. 
Tr*is  despite  the  fact  thev  have  a  rich  reso¬ 
nance  spectrum,  as  is  known  from  transmission 
spectroscopy 

In  the  present  work,  the  negative  ions  are 
described  as  consisting  of  two  valense  electrons 
moving  in  a  Thomas -Fermi -Dir ac -Amald i  plus  po¬ 
larization  model -potent ial  .  The  motion  of  the 
two  electrons  are  described  using  the  hyper- 
r.pherical  approach,  in  which  the  radii  of  the 
two  electrons  are  replaced  with  a  hyperradius  R 
and  a  hyper  angle  <*  ,  defined  through: 

R  =  (  r12  +  r?2  )  : 
atanf  r  0  /  r  ^  ) 

'olving  the  Fchr^’d i nger  equation  for  a  fixed 
value  of  F  : 

!!f  f:«H  VPK*.r).Av(p>  <fv(Pia’'''  (:> 

leads  tc  a  complete  set  of  adiabatic  functions 


w-5/2  •  -1  -1 

*  =  ?.  sir.  acos  o 


this  expansion  leads  to  the  raaiai  equation 


(  R  )  +  E  )  F  i  R)+  7w  ,  (  R  )  F  !  P)«0 


'  he  effective  po*entinl  is 


solving  (1).  In  ( .' )  all  coupling;- 
ter  were  neglected.  The  renultan* 
i  ?  ehcvn  i  r,  F  i  g .  1  . 


/  / 
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Fig  1  The  radial  function  for  H  ( - ),Li  ( - ) 

Na  ( - )  and  K  ( - )  . 

Exampels  of  the  analysis  of  the  angular  func¬ 
tions  are  shown  below.  All  the  alkalies  have 
similar  correlation  pattern,  for  simplicity  we 
only  show  the  results  for  Na  . 
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Fig  2  The  probability  ( P )  for  the  ground 
te  to  be  in  angular  state  Y / £ qO'  ^ ~ 0  and  1 
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1  3 

We  propose  a  very  simple  method  to  calculate  life-  We  compare  our  results  for  some  ’  D  resonances  of 


times 

of  autoionizing 

states,  based  on 

the  use  of  the 

H  and  He  under  the 

n=2  threshold 

with  the  literature. 

"golden  rule" 

expression 

For  Z  >  2  we  present  the  coefficients  of  Hylleraas 

r  = 

2  »  £>( 

c\ .  r tu  c  i 

E ) ,  <  9  ]  H ,  x  > ; 

type  Z’^  perturbation  expansions2 

in 

the  form 

r  . 

$  is 

calculated  by  TDM',  and  xc  by  diagonalizing  H 

E  =  Z2  E<0)  +  Z  E(')  1 

:(2) 

in  a 

basis  set  orthogonal  to  »r  and  varying  an  overall 

y  =  Y  ( 0 ) 

+  Z"1  Yd)  +  Z' 

-2  Y 

(2> 

scaling  parameter  so  that  Ec  =  E  .  o(E) 

is  assumed  to 

be  inversely  proportional  to  the  energy 

separation  and 

and  r  is  given  by 

r(eV)  =  27.21 

2v 

Y2  (which  is 

convergence  of  r  with 

i  o ( E )  is  quickly  obtained. 

more  useful  than  direct  expansion 

of 

r  ). 

Er  au 

r  eV 

r  eV  3 

4 

r  eV  H 

r  eV  5 

h" 

>D  1 

-0.1272 

8.18  10‘3 

10.  10-3 

78.  lO'3 

2 

-0.1237 

1.19  10'3 

3 

-0.1223 

5.60  10-6 

4 

-0.1199 

6.80  10-4 

3D  1 

-0.1243 

7.72  10-7 

2 

-0.1223 

5.35  10-7 

3 

-0.1214 

1.43  10-5 

4 

-0.1196 

3.65  10-5 

He 

'd  1 

-0.6983 

6.79  10-2 

6.7  10'2 

7.29  10‘2 

36.58  10‘2 

2 

-0.5681 

1.64  10-2 

1.5  lO'2 

1.87  10‘2 

5.35  10‘2 

3 

-0.5554 

2.53  10-4 

5.7  10-4 

5.81  lO"4 

5.25  lO’4 

4 

-0.5361 

7.04  10*3 

7.1  10"3 

10.3  10*3 

30  1 

-0.5832 

2.40  10*6 

0.6  10*6 

2.72  10-6 

2)4.  lO*6 

2 

-0.5598 

1.70  10-4 

2.8  lO'4 

1.92  lO*4 

1.0  lO’4 

3 

-0.5413 

1.12  10-7 

3.3)  10-6 

100.  10-6 

4 

-0.5327 

9.24  10*5 

1.36  lO’4 

0.29  lO’4 

E(0)  au 

E(,>  au 

E(2>  au 

y  (0/ 

yd) 

y  ( 2 ) 

T 

1 

-0.2500 

0.18512 

-0.07023 

3.5344  lO'2 

-2.8427  10"2 

-6.1324  10'3 

2 

-0.18048 

0.09769 

-0.03915 

2.0351  lO'2 

-1.4283  10'2 

-1.5292  10‘2 

3 

-0.18036 

0.11823 

-0.07574 

1.4363  10*2 

-3.6943  lO"2 

1.7472  10'2 

4 

-0.15601 

0.05368 

-0.01491 

1.3434  10'2 

-1.1234  10*2 

-4.7347  10'2 

30 

1 

-0.18050 

0.08106 

-0.02323 

2.7568  lO'4 

-9.5072  10'4 

4.9109  lO'4 

2 

-0.18035 

0.09910 

-0.03350 

3.0189  10'3 

-4.0555  10"3 

-3.6738  10'5 

3 

-0.15607 

0.04850 

-0.01092 

4.6420  10*4 

-2.7877  10"3 

4.6329  10-3 

4 

-0.15605 

0.05689 

-0.01960 

2.0448  10’3 

-2.1274  10"3 

-1.4657  10'3 
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TOWARDS  NUMERICAL  SOLUTION  OF  THE  THRESHOLD  IONIZATION  PROBLEM 
Christopher  Bottcher 

Oak  Ridge  National  Laboratory,*  Oak  Ridge,  TN  37831  USA 


I  will  focus  on  the  two-dimensional  model1  of  the 
electron-impact  ionization  problem 

e  +  H-»e  +  p  +  e 


descibed  by  the  Hamiltonian 

H  .  .  1  (_2L  ♦  JL)  a 
2  or, 2  dr,2 


where  r,  and  r2  are  the  electron-nuclear  distances.  The 
ionization  problem  is  solved  if  one  can  obtain  a  set  of 
asymptotic  solutions  of  the  Schrodinger  equation 


valid  at  hyperspherical  radii  p  ~  10  a0  (rj  =  pcosa, 
r2  =  psina).  Such  solutions  can  be  matched  to  short- 
range  functions  to  obtain  a  scattering  amplitude. 

The  complex  action  defined  by  <k  =  exp(IS)  satisfies 

(vs)2  »  2  (E  -  V)  +  iV2S  (4) 

A  starting  point  is  provided  by  the  Peterkop  form2 

S  ~  xp  +  £  tn  £  +  XF(a)  (5) 

x  a 

(2E  =  <2,  C  >  -pv)  where  a,  X,  F  are  arbitrary.  Equation 
(S)  is  valid  at  very  large  p  -  2S/E  and  n  >  «0(p)  *  0 


very  slowly  as  p  *  “.  The  classical  orbits  defined  by 
£q.  (5)  have  a  condensation  point  depending  on  a,  X,  and 
F:  as  a  or  X  is  varied  a  complete  set  of  outgoing  wave 
solutions  is  generated.  Figure  1  shows  orbits  for  a  •  1 
and  X  =  o  (labeled  W).  Those  labeled  T  correspond  to  the 
dipole  solution  of  Temkin.3 

Two  steps,  now,  have  to  be  carried  through,  (a)  The 
asymptotic  formula  (5)  must  be  extended  to  n  *  0  by  a 
uniform  approximation,  (b)  The  resulting  solution  must 
be  integrated  inwards  in  p  in  a  stable  fashion.  Progress 
toward  these  objectives  will  be  described  at  the 
conference. 


*  Research  sponsored  by  the  U.S.  Department  of  Energy, 
Division  of  Basic  Energy  Sciences  under  Contract  No. 
DE-AC05-840R21400  with  Martin  Marietta  Energy 
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1.  C.  Bottcher  in  "Electronic  and  Atomic  Collisions," 
Eds.  J.  Eichler,  I.  V.  Hertel ,  and  N.  Stolterfoht, 
(Elsevier  Science  Publishers  B.V.,  1984),  p.  187. 

2.  R.  Peterkop,  Sov.  Phys.  JETP  JB.  442  (1963). 

3.  A.  Temkin,  Phys.  Rev.  A^2,  324  (1980). 
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FIGURE  1.  Orbits  for:  a=l,  X*0  (H);  dipole  solution  of  Temkin  (T). 


V  *.»  *.*  V  *.»  V 


►  ■-« 


• .% .%  .** ,  *  j 

\v] 

m  _  *  »  _  *  * 

v 


,V,V.X  . 

*•  .■»  »*»  • 


hwr 


M;  S-:> 

YY-S-: 


ELECTRON  IMPACT  IONISATION  OF  HYDROGEN  AND  HELIUM  ATOM 


K.Roy >  P.Mandal  and  N.C.S11 


Department  of  Theoretical  Physics 

Indian  Association  for  the  Cultivation  of  Science,  Jadavpur,  Calcutta  700032,  India. 


In  this  work  we  study  the  electron  impact 
ionisation  of  atomic  hydrogen  and  helium  using 
three  body  scattering  formalism  of  L.D.  Faddeev^. 
We  consider  here  an  electron  (particle  li  with 
mass  is  incident  on  a  bound  system  of  an 
electron  (particle  2i  with  mass  and  a  nu¬ 
cleus  (particle  31  with  mass  m3  and  designate 


their  respective  coordinates  and  momenta  by  r 


and  ka  (a  =  1,2,31.  The  relative  coordinate  of 
particles  1  and  2  is  denoted  by  l?.,  and  the 


coordinate  of  their  centre  of  mass  by  3.,  . 

-e 

The  conjugate  momenta  are  given  by  and 


.  Similarly  we  define  the  coordinates  and 


function  for  an  ionising  collision  as  t 


f j( 1,2  1 


where  we  have  retained  only  the  first  order 
term  in  the  integral  equation  for  .  Hare 
are  solutions  of  the  two-particle  sub 
systems  where  the  third  particle  propagates 


freely.  Asymptotically,  *^Jl  goes  over  to  the 
state  where  all  the  interacting  partic- 


are  free 


(2«l-9/,2exp(i 


Taking  account  of  the  indistingulshabi lity  of 
the  electrons,  we  may  now  write  the  matrix 
element  for  ionisation  as 


kK> 


¥*(  1,21  ♦  Yf(2.  : 


=  fi(l,2l  t  Yi(2,ll 


where  the  wave  function  in  the  incident  channel 


Ti( 1,2  1  is  given  by 


V^( 1,2  1  =  expdk^.t^  +  iqA.  *23J*OlR2  3J 


i  (R , ,i  denotes  the  normal  state  of  the  atom 

*0  2  J 


and  Vi  is  the  interaction  potential  in  the  in¬ 


cident  channel.  The  cross  section  is  obtained 
as  a  linear  combination  of  ^T+l2  and  |T  I  2 
with  appropriate  weight  factors. 

The  wave  function  fZ  as  given  by  (11  has 
^  2 

earlier  been  used  by  Macek  to  explain  charge 
transfer  to  continuum  in  ion-atom  scattering 


and  by  Manna  1,  Roy  and  Sil3  for  positron  isg>act 
ionisation  of  atoms.  Though  the  additional 
effect  of  the  rearrangement  channel,  such  as 
electron  capture,  positronium  formation  is  ab¬ 
sent  in  the  problem  of  electron  scattering,  the 
effect  of  electron-electron  correlation  is  tak¬ 
en  into  account  to  first  order  through  the 
wave  function  (ll  in  the  present  calculation. 
Numerical  results  will  be  presented  at  the 
conference. 
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ELECTRON- IMPACT  IONIZATION  OF  HYDROGEN  ATOM  FROM  2  s-STATE 


P.  S.Majumdar.  Madhumita  Basu  and  A.  S.  Ghosh 

Theoretical  Phys  Dept* .  Indian  Association  for  the  Cultivation  of  Science*  Calcutta  700032*  India. 


The  absolute  measurements  of  the  ionisa¬ 
tion  cross  section  of  hydrogen  atom  l o,  )  have 

1-3 

been  performed  by  different  groups  .  The  first 
measurement  of  0,  was  made  by  Roller3  in  the 
energy  range  3*4  -  10  eV.  Dixon  et  al  extended 
the  energy  range  upto  498.5  eV.  Recently. 
Defrance  et  al3  have  tried  to  improve  the  re¬ 
sults  of  the  earlier  measurements  and  reported 
the  results  for  o  .  Theoretically*  this  pro- 
cess  has  been  studied  by  Rudge  and  Schwartz 
using  first  Born  (fba)  and  Born-Exchange  (BE) 
approximation.  Independently*  Prasad®  have  also 
reported  the  using  the  FBA.  BE  and  Born- 
Ochkur  approximations.  All  experimental  data 
are  in  mutual  agreement  and  all  the  theoretical 
cross  sections  are  much  higher  than  the  experi¬ 
mental  ones  below  lOO  eV.  The  situation  sugges¬ 
ts  that  this  process  should  further  be  investi¬ 
gated  theoretically  in  the  said  energy  range. 

Here,  we  have  Investigated  the  process 
using  three  models  (DCA.  DW1  and  DW2) •  In  all 
the  models*  the  slower  electron  is  represented 


by  a  Coulomb  wave  with  unit  charge.  The  diffe¬ 
rences  between  the  three  models  are  given  below 

i)  In  DCA,  the  faster  electron  wavefunction  is 
represented  by  a  Coulomb  wave  of  unit  charge 
and  the  incoming  electron  wavefunction  is  re¬ 
presented  by  a  plane  wave. 

ii)  The  faster  electron  wavefunction  is  repre¬ 
sented  by  a  Coulomb  wave  of  unit  charge.  The 
wavefunction  of  the  incident  electron  is  obtai¬ 
ned  by  static-exchange  approximation.  This  mod¬ 
el  is  denoted  by  DW1. 

iii)  In  DW2.  the  faster  electron  is  represented 
by  a  plane  wave  and  the  Incident  electron  wave- 
function  is  same  as  that  of  DW1. 

We  have  employed  these  models  to  calculate 
the  total  ionisation  cross  sections  in  e~-H 
scattering  and  our  EN1  and  DCA  results  are  clos 
ser  to  the  measured  values  than  those  of  BE  and 


DW2 


The  scattering  amplitude  for  ionisation  is 
given  by 

sf 


|-  £  *  tM  f~(?l'?2)> 


where 

-  a+P12^*2s(?2,F(il,j 

Here*  *2s(r^)  is  wave^unct^on  of  the  hydro¬ 
gen  atom  in  the  2s  state,  jfy  (z.r^)  is  the  wave- 
function  of  slower  electron.  F(?j)  and  A^tz.i^) 
take  different  forms  for  the  different  models 
given  below. 


Model  DCA  t 


unit 
Model  DW1  t 


kjlz.r^  is  the  Coulomb  func 
charge  and  F(?^)  «  e*  i"  *  . 


'unction  of  the 


rk^(z,r^)  is  same  as  in  DCA  and  F(r^)  satis¬ 


fies  the  static-exchange  equation. 
Model  DW2  > 


in  DW1. 


*k£(*'ri) 


ikf.ri 


and  F(r^)  is  same  as 


In  the  case  of  EM2  we  invoke  the  Peterkop7 
condition  of  exchange,  in  case  of  DCA  and  DW1. 
this  condition  is  automatically  satisfied. 

Total  cross  section  (o2s>  is  obtain®d  attar 
performing  the  partial-wave  analysis. 


Primary  results  obtained  are  found  to  be 
very  encouraging  and  the  final  results  will  be 
reported  at  the  conference. 
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ABSOLUTE  TRIPLE  DIFFERENTIAL  CROSS  SECTIONS  FOR  THE  ELECTRON  IMPACT  IONIZATION  OF  He  AND  H  AT  250  eV  AND  150  eV 

P.  Schlemmer,  G.  Knoth,  H.  Ehrhardt,  and  K.  Jung 
Fachbereich  Physik  der  Universitat  Kaiserslautern,  D-6750  Kaiserslautern,  West-Germany 


The  comparison  between  measured  absolute  triple 
differential  cross  sections  for  the  processes  e  +  H  - 
p  +  e  +  e  and  e  +  He  -  He*  +  e  ♦  e  and  several  theore¬ 
tical  approaches  have  demonstrated1  that  for  impact 
energies  between  250  eV  and  600  eV  second  order 
effects  are  of  importance  even  for  small  momentum 

transfers  such  as  0.25  a.u..  Second  order  terms  have 

2  3 

been  introduced  by  using  2.  Born  ,  Eikonal  ,  distorted 

4 

waves  or  1.  Born  extended  by  post  collision  inter¬ 
actions1’. 

New  experiments  are  presented  for  the  electron 
impact  ionization  of  atomic  hydrogen  and  helium 
(ejection  of  a  s-electron)  for  impact  energies  250  eV 
and  150  eV.  In  this  energy  range  higher  order  effects 
should  gain  importance.  The  figure  shows  an  example  of 
such  measurements. 

If  the  first  Born  approximation  would  be  correct, 
the  momentum  transfer  vector  must  be  an  axis  of 
symmetry  for  the  binary  peak  (right  hand  side  lobe) 
and  also  for  the  recoil  peak  (backward  scattering, 
left  hand  side  lobe).  The  maximum  of  the  binary  peak 
deviates  from  Oofl  by  as  much  as  20°.  This  is  a  con¬ 
sequence  of  second  order  effects. 

In  first  order  theories  the  recoil  intensity  can 
never  be  larger  than  the  intensity  of  the  binary  peak. 
But  this  is  experimentally  found  as  can  be  seen  from 
the  figure.  On  the  other  hand,  if  the  momentum  trans¬ 
fer  |q|  is  reduced  to  zero,  then  the  structure  of  the 

triple  differential  cross  section  must  merge  into  a 
2 

co S  O  distribution  with  q  as  the  symmetriy  axis.  But 
this  limit  cannot  be  reached  for  impact  energies  of 
250  eV  and  below  because  of  the  inelasticity  of  the 
process  even  not  for  0^  =  0.  This  proves  the 
necessity  of  more  complex  calculations  than  first 
order  even  for  such  high  impact  energies. 
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Fig.  1: 

Cartesijn  and  polar  diagram  of  the  triple  differential 
cross  section  for  the  electron  impact  ionization  of 
helium  for  E  =  150  eV,  E„  *  5  eV,  0.  =  4’,  Iql  -  0.4 

0  t>  A 

a.u..  The  direction  of  ‘he  momentum  transfer  vector  is 
indicated  by  q,  respectively  -q. 
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QUANTAL  e  -  He  THRESHOLD  IONIZATION 
Derrick.  S.F.  Crothers 

Department  of  Applied  Mathematics  and  Theoretical  Physics 
The  Queen's  university  of  Belfast 
Belfast  BT7  INN  Northern  Ireland 


We  address  the  semic lassical  approximation  and  its 
application  to  the  threshold  law  for  electron-atom 
ionization,*  and  note  that  the  JWKB  Green-Liouvi 1 le 
method  is  particularly  well  suited  to  Coulomb  potentials 
and  their  singularities.^  We  avoid  singular  wave  funct¬ 
ions,  classical  differential  cross  sections  and  matching 
procedures  at  arbitrary  finite  distances.  Rather, 
matching  occurs  in  terms  of  current  probability  densities 
on  the  hyperspher ica l  surface  at  infinity.  By  using  the 
Kohn  variational  principle  per turbati vely  we  estimate  the 
quantal  electron-helium  singlet  threshold  ionization  cross 
section  to  be  given  by 


Q  =  4.72  E  »*-  a 
x  o 

where  E  is  the  energy  above  threshold  in  au  and 

34 

1.127  is  the  well  known  Wannier  '  exponent, 
the  probability  for  either  escaping  electron  to  have  energy 
E  at  right  angles  to  the  incident  electron  beam  is  found 


12 

At  E=0.8ev 


to  be  some  40%  higher  than  experiment 

^0.8 


5,6 


and  to  be  given 


by  - 19  2  - 1  - 1 

(E  ,  *7  )  =  3.46  (10  cm  sr  &v  ). 


The  coincidence  yield^  when  the  angle  Op  between  the  two 
escaping  electrons  in  the  ‘"2  plane  is  150°  is  expressed 
as  a  ratio  R  to  the  yield  at  8^  =  180°.  It  too  is  found 
to  be  higher  than  experiment,  taking  the  values  0.42,  0.50, 
0.59,  0.66  and  0.73  at  E=0.2,  0.4,  0.8,  1.6  and  3.0  (ev) 
respectively.  Finally  we  compare  with  the  triple  differ¬ 
ential  cross  section  experimental  values  and  obtain  good 
qualitative  and  quantitative  agreement,  provided  we  retain 
singlet  amplitudes  up  to  the  fourth  partial  wave. 
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STUDY  OF  HELIUM  DOUBLY  EXCITED  STATES  WITH  A  CORRELATED  WAVE  FUNCTION  METHOD 


0.  Dulieu,  C.  Le  Sech 

Depart  lament  <J  'As  trophy  si  quc  Fondaraentale  (U.A.  812) 
Observatoire  de  Meudon,  92190  Meudon,  France 


It  has  been  shown  that  Pluvinage's  method  *  ran  be 
applied  successfully  to  study  ground  and  excited  states 
of  two  electron  molecules  \  Some  E  states  of  hy¬ 
drogen  molecule  with  both  electrons  excited  have  also 

been  calculated*  suggesting  that  this  method  could  be  a 

...  4 

good  candidate  to  describe  autoionizing  states 

In  the  present  work,  the  method  is  applied  to  the 
study  of  autoionizing  states  of  Helium.  The  Schrodinger 
equation  is  : 


(r. 


r2)  =  E  v  (r,  r2) 


,»f  Pluvinage's  me tf u»d  is  to  re- 


The  starting  point 

write  the  wave  function  „  (r^r.,)  =  :  (r^,^)  -itr^,^) 

and  to  separate  then  Schrodinger  equation  so  that 

;  (r.  r_  )  and  ..  (r.  r~)  are  solution  of  : 

1  •  2  1*2 


-  :  i  -  L  -  L.  ) 

2  r  ^  r2 


12 


The  solution  ;  (r^.r^)  ..  (r^r,)  would  be  exact  iE 

*  being  a  constant.  Our  approximation  con¬ 
siders  v.  -  ■  H'  as  a  perturbation,  >■  *  being  a 

constant.  More  details  can  be  found  in  references  quo¬ 
ted  above. 

The  present  approach  has  some  interesting  points  : 

-  the  approximate  wave  function  describes  exactly 
the  coulombic  repulsion  1 / r ^  2 - 

-  though  . (r^.  r,)  is  a  correlated  wave  function, 
it  preserves  the  configuration  idea. 

-  the  wave  function  ,  is  the  product  of  two  func¬ 
tions  :  $  stands  for  the  orbital  motion  of  the  un¬ 
screened  electrons,  and  L  describes  the  electrons'  cor¬ 
relation  as  a  collision  in  the  coulombic  field  '  / r  ^  2  * 

Calculations  and  results  :  For  He  (n^  4^,  02  ^  ) 

configurations,  the  hamiltonian  matrix  is  calculated  on 

2 

the  basis  of  ant  1  symmetrized  and  eigen  functions  ot  L 
and  S'",  built  with  the  i  .  (r,fr.)  L  (r.,,)  correlated 

pi  1'  2  12 

orbitals. 

Eigenvalues  are  deduced  after  diagonal ization. 

Energies  for  n.  *  2,  *  2  are  reported  in  table  here- 


State  5 

This  work 

_  6 
Exp 

7 

Theory 

,  8 
Theory 

, 

S  (2,  2a) 

-0,77610 

-0,7767 

-0,77524 

-0,77363 

’s  (2,  2b) 

-0,61727 

-0,6198 

-0,61513 

-0,60351 

'd  (2,  2a) 

-0,70147 

-0,7028 

-0,69748 

- 

]P  (2,  2a) 

-0,68100 

-0,6938 

-0.P8835 

-0,69337 

3P  (2,  2a) 

-0,75850 

.0,7604 

-0,75829 

-0,76364 

Energy  (a.u.)  with  k  =  0,3. 


More  results  and  autoionizing  widths  will  be  pre¬ 
sented  at  the  Conference. 
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AN  OPTICAL  POTENTIAL  MODEL  FOR  POST-COLLISION  INTERACTION 
IN  EJECTED  ELECTRON  SPECTRA 

P.J.M.  van  der  Burgt ,  J.  van  Eckt  H.C.M.  Heideman  and  C.  Nienhuis 

Fyslsch  Laboratorium,  Ri jksuniversiteit  Utrecht,  Princetonplein  5, 
3584  CC  Utrecht,  The  Netherlands. 


Post  collision  interaction  (PCI)  in  electron 
scattering  experiments  causes  an  exchange  of  energy  and 
angular  momentum  between  the  scattered  electron  and  the 
electron  ejected  by  an  autoionizing  state.  In  order  to 
study  these  processes  van  de  Water  et  al.*  formulated  a 
model  for  PCI  for  the  case  that  the  scattered  electron 
Is  captured  into  a  singly  excited  state.  Their  model  is 
based  on  a  formal  separation  of  PCI  from  the  initial 
excitation  and  subsequent  decay  of  the  autoionizing 
state.  Similar  to  the  resonance  theory  of  Feshbach^  a 
standard  optical  potential  technique  is  applied,  which 
allows  a  separation  of  the  transition  amplitude  into 
the  parts  T  -  Tp  4-  Topt,  Tp  describing  the  direct 
excitation  of  singly  excited  states,  and  TQpt 
containing  the  effect  of  autoionizing  states  on  the 
excitation  process. 

In  the  same  way  a  model  for  PCI  may  be  formulated 
fur  the  case  that  the  scattered  electron  remains  in  a 

continuum  state,  corresponding  to  the  reaction: 

**  i  PCI 


E-*k 


e  +  He  -*  He 

2 


+  e„  -►  He  +  e  +  ert 
3?  a  8 

*kQ 


i  a  1  "8 

The  transition  amplitude  becomes: 


opt 


)'dVP~V8|PHt3|iy 


r-<n3a|QHP|kti 


o*> 


He  +  e  +  en 


(1) 


E'Ea*U32+tra 

where  |0>  denotes  Che  ground  state  of  the  helium 
atom,  |a>  the  autoionizing  state,  lft>  a  free  electron 
state  of  momentum  ft  and  |^>  an  electron  state  of 
momentum  ^  in  the  Coulomb  field  of  the  He+  ion.  The 
projection  operator  P  projects  on  the  subspace  of 
states  with  at  least  one  electron  in  a  Is  orbital,  the 
complementary  operator  Q  *  I  -  P  projects  on  the 
subspace  containing  the  doubly  excited  states.  We  now 
introduce  the  Coulomb  interaction  between  both  outgoing 

electrons  »  -If  -  f  |-^  ar*d  assume  that  the  decay 
<*0  a  0 

of  the  autoionizing  state  is  not  influenced  by  the 
scattered  electron.  The  first  matrix  element  of  (1), 
describing  decay  of  the  autoionizing  state  and 
subsequent  PCI  becomes  (analogous  to  eq.  (2.14)  of  ref. 
1): 


<q3lV<qJPVla>  + 


+  /  f  <Vq8lPVa3Plq;q0> 


l 


F-iq’2-iq:2-IP+le 


where]  and  |  q^  q^>  are  eigenstates  of 

Substituting  the  amplitude  for  decay  of  the 

autoionizing  state:  x  (  3  *■  a)  -  <q  |  PH  Q|  a>  the  first 

terra  in  (2)  becomes:  x(q  ♦  a)  f <qa I  rXr |  k  >dr • 
a  ‘  0  0 

Expansion  into  partial  waves  results  in  a  radial 
integral  equivalent  to  the  shake  down  model  .  Analogous 
to  van  de  Water  et  al.^  an  expansion  in  partial  waves 
can  be  made  of  the  second  term  of  (2),  resulting  in  an 
integral  over  the  radial  coordinates  of  both  electrons. 

Recently  van  der  Burgt  et  al.*  have  measured  the 
angular  distribution  of  ejected  electrons  from  the 
He**(2s^)^S  autoionizing  state  after  its  electron 
impact  excitation  via  the  He~(2s2p)^D  resonance.  Figure 
1  shows  the  measured  angular  distribution,  which  is 
anisotropic  due  to  both  angular  momentum  exchange 
during  the  PCI  and  interference  with  the  direct 
ionization  of  helium.  Apparently  the  probability  for 
angular  momentum  exchange  has  a  maximum  at  5D*  and  has 
minima  around  0*  and  90*. 

Calculations  for  this  case,  based  on  the  optical 
potential  model  sketched  above  are  in  progress  and 
results  will  be  presented  at  the  conference. 


Figure  I . 

Differential  cross 
sections  for  resonant 
excitation  and  decay 
of  the  He**(2s^)*s 
autoionizing  state. 
The  cross  sections 
are  determined  for 
ejected  electrons 
with  energy  33.5  eV. 
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ABSOLUTE  DOUBLE  DIFFERENTIAL  IONIZATION  CROSS-SECTION  FOR  ELECTRON  IMPACT:  He 
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A  detailed  understanding  of  atomic  and  molecular 
ionization  by  electron  impact  is  important  in  many 
fields  such  as  astrophysics,  upper  atmosphere,  plasma 
and  radiation  physics  and,  of  course,  it  is  of 
intrinsic  interest  because  of  its  fundamental  nature. 
Informations  on  the  dynamics  of  ionization  can  be 
searched  for  by  measuring  absolute  double  differential 
cross  sections  (DDCS)  for  ejection  of  secondary 
electrons  of  energy  Eg  at  an  angle  $  by  primary 
electrons  of  energy  EQ  . 

Within  the  last  twenty  years  knowledge  of  the 
ionizing  process  has  improved  very  rapidly  1,2,3  .  To 

summarize  the  theoretical  and  experimental  results  Y.K. 
Kim  *  has  recently  proposed  some  "recommended” 
cross-sections ,  which  represent  a  consistent  set  of 
DDCS  for  He,  independent  from  any  specific  theory  or 
experiment.  They  satisfy  known  theoretical  and 
experimental  requirements  on  asymptotic  and  threshold 
behavior,  angular  symmetry  and  values  of  integrated 
cross-sections.  Within  this  approach  the  DDCS  can  be 
represented  by  a  truncated  series  of  Legendre 
polynomials 


□  a 

d<idEn 


En  anR(cos#) 


whose  coefficients  have  been  used  as  fitting  parameter 
in  order  to  reproduce  and  generate  DDCS's  for  any 
combination  of  $  (0°-  180°  ) ,  EglO-RO)  and  E0  (100-2000 
eV).  Recent  experiments  of  H.  Ehrhardt  et  al?  have 
tested  the  reliability  of  these  recommended  DDCS  over 
the  full  range  of  Eg  and  E0  previously  mentioned. 

In  this  work  absolute  differential  cross-section 
on  He  for  500  eV  incident  energy  are  presented.  The 
ejected  electron  energy  ranges  between  40  and  237.75 


eV,  while  the  angular  range  is  5°-14S°.  The  work  is 


meant  to  give  a  contribution  in  completing  the  mapping 
of  DDCS  for  secondary  electron  energies  approaching  the 


limit  Eg=  (Eq-B)/2,  where  B  is  the  He  Is  ionization 


energy.  Although  the  vast  majority  of  ionizations 
occur  away  from  this  kinematic  region,  it  is  anyway  of 
interest  to  ascertain  to  which  extent  Kim’s  formula  (1) 
can  be  applied,  approaching  the  domain  where  binary 
collisions  are  dominant  and  exchange  effects  are 
important . 

A  crossed  beam  apparatus  designed  for  (e,2e) 
experiments  has  been  used  for  the  present  measurements. 


Usual  working  conditions  were  few  juA  current  for  the 
incident  beam  and  2  10  torr  for  the  residual  gas 


pression  in  the  scattering  chamber,  corresponding 


approximatively  to  a  local  pressure  in  the  gas  target 
of  p?  10  torr.  The  solid  angle  subtended  by  the 


electron  analyzer  is  3  10  ster,  while  the  energy 
resolution  is  .6  eV.  A  careful  evaluation  of 
background  sources  has  been  performed.  The 
contribution  due  to  change  of  the  effective  target 
length  with  the  angle  has  been  measured,  comparing 
relative  data  of  elastic  peaks  at  several  incident 


t,  .  j 


energies  (lOO-IOOOeV)  with  Jansen  et  al .  data.  In 
addition  each  measurement  has  been  repeated  with  the 
gas  beam  off  to  check  for  possible  background  counts 
due  to  the  scattering  of  the  primary  beam  on  surfaces 
of  the  chamber.  For  each  set  of  E0,  Eg  the 
complementary  DDCS  relative  to  E^=E0-Eg-B  has  been 
measured .  This  has  been  done  because  in  the  case  of 
He,  for  which  the  contribution  from  double  ionizaton  is 
z2%  and  the  one  from  simultaneous  excitation  and 
ionization  is  below  2 %  for  all  Eq,  the  following 
relationship  is  valid: 


k*"-, 


(S-Sc-da B  =  (-Ar  dfiA 
■  d^gdEg  J  dQAdEA 

The  DDCS  for  the  fast  scattered  electrons  can  be 
given  in  absolute  units  by  anchorating  its  optical 
limit  (momentum  transfer  K— ►O )  to  the  Optical 
Oscillator  Strength  (00S)  which  is  knowr  by 
photoionization  experiments  within  few  percent.  By 
this  way  it  is  .-ossible  to  give  ir.  a*  solute  unite  also 
the  DDCS  for  the  slower  ejected  electrons. 

A  detailed  comparison  with  orevious  experimental 


im 
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data  and  with  the  polynomial  expression  suggested  by 


Kim  will  be  presented  and  discussed. 
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DDCS  for  40  eV  ejected  electrons,  Eo=500  eV. 
(i)preserit  data,  (OjOpal  et  al . 


Kim's  recotimended  cross-section  ( - ) 


1)  C.B.  Opal,  E.C.  Beaty  and  W.K.  Peterson,  At.  Data  4, 

20  9  (  19  7  2) 

2)  N.  Oda  Radiat.  Res.  64,  80  (1975)  and  references 


2)  N.  Oda  Radiat.  Res.  64,  80  (1975)  and  references 
therein  . 
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ENERGY  PARTITIONING  IN  NEAR -THRESHOLD  EXCITATION  AND  r  ON  r  SAT  TON  OP  HELIUM  BY 

ELECTRON  IMP  ACT 

P . Hi— nnd ,  F.H.Read,  S  Cvejanovi^*  and  G.C.Klng 

SChuster  Laboratory,  University  of  Manchester,  Manchester  Ml 3  9PL,  U.K. 
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Me  have  looked  experimentally  into  new  details  of  the 
threshold  ionisation  process  and  have  found  that  the 
results  agree  with  those  of  a  recent  computational  study 
based  on  a  classical  treatment1.  In  particular  we  have 
investigated  the  partitioning  in  energy  between  the  two 
slow  electrons  that  result  from  the  process  of 
near-threshold  ionisation  and  also  from  the  closely 
related  process  of  near-threshold  excitation  to  high-n 
states . 

1Y>e  two  processes  can  be  represented  by 

e(  l+E)  +  Re(0)  -  Re+(  I )  +  efEj)  +  e(  E2 )  and 
e(I+E)  +  He( O )  -  He  ( 14-Ej  )  *  e(E2) 
where  the  quantities  in  parentheses  are  the  energies  of 
the  reactants  or  products.  In  the  second  process  an 
electron  is  left  bound  in  a  high-Rydberg  orbital  of  the 
atom,  with  an  energy  E^  that  is  negative.  In  both 
processes  one  electron  remains  in  the  is  orbital  and  the 
energies  Ei  and  e2  of  the  other  two  have  magnitudes  that 
are  much  less  than  I . 

According  to  the  wannler  theory2'3*4,  the  cross 
section  for  the  near-threshold  ionisation  process  has  the 
form 

OfcdjXlE!  a  E°127  fCEj/EXJEj 
where  cJEj  represents  the  energy  interval  over  which  one 
of  the  outgoing  electrons  is  observed.  This  equation 
also  gives  the  cross  section  for  near-threshold 

excitation1*5,  if  the  cross  section  is  averaged  over  the 
closely  spaced  Rydberg  states. 

Following  the  computational  results  of  Vinkalns  and 
Gailitis*,  based  on  classical  trajectory  integrations,  it 
has  long  been  assumed  that  the  function  f  is  constant  in 
the  interval  Ej-0  to  E,  giving  a  uniform  partitioning  in 
energy  between  the  outgoing  electrons.  This  result  has 
also  been  found  quantum  mechanically7.  Recently, 
hoover,  the  more  accurate  computational  results1  have 
indicated  that  the  energy  partitioning  is  not  uniform. 
The  purpose  of  the  present  work  is  to  investigate  the 
form  of  the  function  f  for  near -threshold  ionisation 
(Ei«0  to  E)  and  also  for  near -threshold  excitation  (Ei<0, 
or  since  the  electrons  are  indistinguishable,  Ei>E). 

Me  have  obtained  constant  residual  energy  ( CRE ) 
spectra,  by  keeping  the  analysing  energy  (E2 )  fixed  while 
the  incident  energy  (I+E)  is  varied.  To  deduce  the  form 
of  f(x)  from  a  CRE  spectrum  Y(E,E2)  we  use  the  yield 
(after  subtraction  of  the  background)  at  the  point  E«2E2 
as  a  normalisation  point  and  take  f(0.5)-l.o.  Then 

X  T(E^> 

Z  Tf(2Z2,Z2) 


CRE  spectra  have  been  obtained  for  the  following 
combination  of  E2  and  the  scattering  angle  S:  0.075ev, 
90°;  0.150eV,  90°;  0.3eV,  90°;  0.6eV,  90°;  0.3eV,  40°; 

0-6eV,  40°.  The  figure  shows  the  resulting  average 

value  of  f(x). 


0.5  x  1.0  1.5 


FrGURE  Comparison  for  experimental  results 

(points)  with  calculated  result  (fu)l  curve). 

The  full  curve  in  the  figure  shows  the  function  f 
calculated  by  Read1.  There  is  good  agreement  between 
this  and  the  form  of  f  that  we  have  found 
experimentally. 

At  very  low  values  of  K2  (O.lev)  the  form  of  the  CRE 
spectrum  in  the  vicinity  of  £-=0  becomes  dominated  by  the 
term  E0127  rather  than  by  f(E2/E),  giving  the 
"ionisation  cusp"  seen  by  Cvejanovi^  and  Read®  (see  also 
Spence®).  ’[he  yield  at  K^O  is  always  finite  because 
f(E2/E)  is  proportional  to  (E2/E)0127  when  E2/E  is  very 
large1 . 

In  a  second  type  of  experiment,  using  the  energy 
loss  (EL)  mode,  the  results  are  again  consistent  with 
the  calculated  form  of  f. 

Results  will  also  be  presented  of  measurements  of 
the  form  that  f  has  when  the  incident  energy  is  less 
than  r  (i.e.  when  E«0). 
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EJECTED  ELECTRON  SPECTRA  FROM  AUTO  IONISING  STATES  OF  HELIUM  EXCITED  BY  ELECTRON  IMPACT 
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The  ejected  electron  spectra  due  to  decay  of  the 
(2p*)1D  and  (2s2p)*P  autoionising  states  of  helinat  have 
been  measured  over  the  angular  range  50°  to  130°  with 
respect  to  the  incident  electron  beam  and  for  incident 
electron  energies  of  70,  80,  100  and  200  eV. 

The  double  differential  cross  section  in  the 
region  of  a  particular  autoionising  resonance  is  of  the 
form  given  by  Balsshov  et  al* 

IS. _  =  c  (K )  ♦ 

dQgdE  1  ♦  e* 

where  c(K)  is  the  differential  cross  section  for  direct 
ionisation,  b(K)  is  the  resonant  differential  cross 
section  at  the  resonant  energy  Er,  and  a(K)  is  a 
measure  of  the  asymmetry  of  the  resonance.  K  is  the 
ejected  electron  momentum  and  e  *  2  (E-Er)/T,  where  T 
is  the  resonance  width. 

In  the  present  work  the  angular  dependence  of  each 
of  the  parameters  a(I)  and  b(X>  has  been  extracted  from 
the  measured  spectra.  Figure  1  shows  the  a(X)  and  b(I) 
parameters  for  the  (2s2p)1P  state  from  the  present  and 
previous*  experiments  at  an  incident  electron  energy 
of  100  eV .  The  present  data  and  that  of  Gelebart  et 
al*  have  been  put  on  the  same  scale  by  normalising  the 
a(K)  parameters  at  90°.  The  parameters  of  Pochat  et 
al*  relative  to  the  earlier  data*  are  as  discussed  by 
them. 

There  is  qualitative  agreement  for  both  parameters 
for  angles  1  70°.  However,  for  angles  <  70°,  the  e(K) 
parameters  show  quite  different  behaviour.  The  present 
b(K)  parameter  varies  much  less  rapidly  at  both 
extremes  of  the  angular  range  than  that  of  the  French 
group. 
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Figure  1  :  a(K)  and  b(K)  parameters  as  a  fnaotlon  of 
ejected  electron  angle  for  the  (2s2p)*P  state  of 
helium  at  an  incident  electron  energy  of  100  eV. 

■  Gelebart  et  al*.  A  Pochat  et  al* ,  •  present  data. 


EXCITATION  OF  AUTO IONISING  STATES  OF  HELIUM  IN  SPECIFIC  MOMENTUM  TRANSFER  ELECTRON  COLLISIONS 

P  S  K  Moorhead  and  A  Crowe 


Department  of  Pore  and  Applied  Physics.  The  Queen’s  University  of  Belfast, 
Belfast,  United  Kingdom 


The  autoionising  states  of  helium  excited  by 
electron  impact  have  been  studied  mostly  by  measuring 
the  spectra  of  either  the  scattered  or  ejected 
electrons.  Such  spectra  correspond  to  an  integration 
over  the  momenta  of  the  undetected  electron.  If, 
however,  the  scattered  and  ejected  electrons  are 
detected  in  a  coincidence  experiment,  the  kinematics  of 
both  outgoing  electrons  are  completly  defined.  Hence 
information  can  be  obtained  on  both  the  direct 
ionisation  and  autoionisation  cross  sections  as  a 
function  of  the  momentum  of  the  emitted  electron  for 
specific  momentum  transfer  collisions.  The  triple 
differential  cross  section  can  be  written  in  the  form, 
Balashov  et  al*. 


dOfc  dQti  dE 


c<k*.  Q) 


a(k1,  Q)  s  +  b  (k*.  Q) 

e*  4  1 


where  c(A*»  Q) is  the  cross  section  for  direct 
ionisation,  b  (&.*,  fi)  is  the  resonance  cross  section 
and  a  (fc1,  (J)  is  a  measure  of  the  asymmetry  of  the 
resonance.  Ao*  A  »nd  A1  •**  the  incident,  scattered 
and  ejected  electron  momenta  respectively,  and  Q  *  ^  - 
A  is  the  momentum  transfer,  e  ■  2(E-Er)/T,  where  E  is 
the  ejected  electron  energy,  Er  is  the  resonance  energy 
and  T  its  width. 


The  feasibility  of  this  approach  was  first 
demonstrated  by  Weigold  et  al^  for  the  (2s2p)aP  and 
(2p*)xD  states  of  helium.  The  broad  energy  resolution 
(0.6  eV)  prevented  resolution  of  the  states  and  the 
analysis  of  the  data  was  based  on  the  assumption  that 
the  *D  state  could  be  ignored.  More  recently  a(Ax»  Q), 
b(ka,  Q)  parameters  for  both  these  states  have  been 
obtained  by  Pochat  et  al^,  although  the  features  were 
again  unresolved  in  the  measured  spectra. 


In  the  present  work,  ejected  electron  spectra  for 
specific  momentum  transfer  electron  collisions  have 
been  measured  at  an  incident  electron  energy  of  200  eV 
with  an  energy  resolution  100  meV  for  the  same  two 
states  of  helium.  Figure  1  shows  such  a  spectrum  for  a 
scattered  electron  angle  of  10°  and  an  ejected  electron 
angle  of  130°  (+  *  0°).  The  XD  structure  at  an 


ejected  electron  energy  of  35.30  eV  and  the  lP  at  35.54 
eV  are  partially  resolved. 


Spectra  obtained  over  a  range  of  ejected  electron 
angles  and  the  a(Ax»  fi)  and  b(A*»  fl)  parameters  derived 
from  them  will  be  presented. 


Ejected  Electron  Energy  (eV) 


Fig  1  Coincidence  electron  spectrum  for  the  (2p*)lD 
(35  .30  eV)  and  (2s2p)aP  (35.54  eV)  at  an  incident 
electron  energy  of  200  eV ,  a  scattered  electron 
angle  of  10°  and  an  ejected  electron  angle  of  130° 
<♦  «  0). 
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ELECTRON  IMPACT  IONIZATION  CROSS  SECTION  MEASUREMENTS 
OF  THE  CHLORINE,  BROMINE,  AND  IODINE  ATOMS 

Todd  R.  Hayes,  Robert  C.  Wetzel,  and  Robert  S.  Freund 

AT&T  Bell  Laboratories ,  Murray  Hill,  NJ  07974  t'SA 


Absolute  cross  sections  for  ionization  of  reactive 
atoms  and  molecules  by  electron  impact  are  important 
for  modeling  of  discharges  and  for  quantitative  mass 
spectrometry  of  neutral  species  extracted  from  dis¬ 
charges.  We  report  here  the  first  such  measurements 
for  three  of  the  halogen  atoms,  over  the  range  from 
threshold  to  200eV.  The  method  uses  a  beam  of  elec¬ 
trons  crossing  a  fast  atomic  beam,  with  charge  state 
separation  and  complete  collection  of  the  product  ions 
(Fig.  1). 

The  fast  atomic  beam  (with  a  flux  of  about  10^ 
atoms/sec)  is  formed  by  charge  transfer  neutralization 
of  a  3  kV  ion  beam.  Chlorine  ions  are  formed  from  a  dc 
discharge  in  CF2CI2  vapor  or  solid  CaC^  in  a  rare  gas. 
Bromine  is  formed  from  CF2Bf2  vaPor*  Iodine  is  formed 
from  solid  KI  in  a  rare  gas  discharge.  The  charge 
transfer  gas  is  ethane,  although  many  other  gases  would 
probably  be  equally  satisfactory. 

Only  a  single  electronic  state  of  the  atom  is 
expected  to  result  from  charge  transfer  with  ethane; 
threshold  measurements  confirm  the  presence  of  only  the 

ground  state.  Both  fine  structure  components  probably 
form,  but  the  electron  energy  resolution  is  insufficient 
to  resolve  them. 

The  neutral  beam  flux  is  measured  absolutely  by  a 
secondary  electron  detector,  which  is  calibrated  against 
an  ion  beam  with  a  pyroelectric  detector.  The  overall 
absolute  accuracy  of  the  apparatus  is  calculated  to  be 
±15%.  This  accuracy  was  confirmed  by  remeasurements 
of  the  well-known  rare  gas  cross  sections. 

Preliminary  results  are  shown  in  Figs.  2,  3  and  4. 
For  all  three  atoms,  the  maxima  of  the  cross  sections 
are  slightly  larger  than  those  of  the  neighboring  rare 

gas  atoms,  a  trend  which  is  consistent  with  calculations 

1  2 
bv  Stafford  and  bv  Mann  . 
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\T  d-SHELL  AUTOIONIZATION  EJECTED  ELECTRON  SPECTRUM  OF  THE  CROUP 
IB  ATOMS  Cu,  A*  AND  Au ,  EXCITED  BY  ELECTRON  IMPACT 

L  ~  rorrest*,  C  K  James*3,  M  Kurepa*5,  V  Pejcev^,  K  J  Ross*  and  M  UiIson+ 

*  Department  of  Physics,  Southampton  University,  Southampton,  England 
Department  of  Physics,  Chelsea  College,  London,  England 


The  group  IB  atoms  have  been  the  subject  of  a 
number  of  ultraviolet  absorption  and  arc  spectra  studies. 
The  discrete  spectra  of  these  atoms  above  the  first 
ionization  potent ial  are  principally  due  to  excitation 
of  an  inner  d  shell  electron  from  the  nd*^(n+l)s  ground 
state  to  five  configurations  of  the  form  nd^(n*J)smp  and 
m'f(m>n+l  ,  where  n  «  3,  4  and  5  and  m’^4,4  and  5  for 
Cu,  Ag  and  Au  respec ively) ,  the  np  series  being  doroin- 
ant.  These  series  terminate  at  the  nd  (n+l)s  ion  levels, 
and  so  the  spectra  are  confined  to  a  region  within 
approximately  4eV  of  the  first  ionization  potential. 

In  the  present  investigations,  the  d-shell  ejected 
electron  spectra  of  Cu ,  Ag  and  Au  were  observed  follow¬ 
ing  electron  impact  excitation,  over  the  range  or 
incident  electron  kinetic  energies  10  to  500  eV  with 
a  beam  current  typically  greater  than  I0pA.  Velocity 
analysis  of  the  ejected  electrons  was  performed  using 
a  180°  hemispherical  sector  electrostatic  analyser, 
operated  in  constant  resolution  mode.  A  radio-frequency 
heated  graphite  oven  (high  density  graphite  EK  986) 
was  employed  in  the  present  work,  and  the  metals  used 
were  pure. 


Ejected  Electron  Energy  (eV) 

Figure  I  :  The  ejected  electron  spectrum  of  Cu  between 
n  and  3 .  ^  eV  ejected  electron  ener~;*,  observed  with 
incident  beam  energies  of  500  eV  and  15  eV. 


1  2  5 

Ejected  Electron  Energy  (eV) 


Figure  2  :  The  ejected  electron  spectrum  of  Au  between 
0  and  3.5  c\  electron  tiu rv.;  ,  o'j  erved  will*  a 

500  eV  incident  electron  beam  energy. 

The  spectra  of  Cu  obtained  at  500  eV  and  at  15  eV, 
and  the  spectrum  of  Au  obtained  at  500  eV  incident 
electron  kinetic  energy  are  shown  in  Figures  I  and  2 
respectively,  "he  corresponding  spectra  of  Ag  have  been 
published  elsewhere*.  In  order  to  make  assignments  to 
features  in  our  spectra  which  are  not  observable  by 
photoabsorption  we  have  used  the  results  of  Hartree-Fock 
based  calculations  to  estimate  eigenvalues  for  these 
optically  disallowed  levels  and  hence  made  new  assignments 
to  our  spectra  where  possible. 
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FORMATION  AND  DECAY  OF  AUTOIONIZATION  STATES  OF  Sr,  Ca  AND  Ba  ATOMS 
IN  SLOW  ELECTRON-ATOM  COLLISIONS 


S.M. Kazakov  and  O.V.Khristoforov 

Physic*  Department,  Chuvash  State  University,  Cheboksary  428015,  USSR 


The  electron  spectrum  of  the  autoioniza- 
tlon  states  (AIS)  and  the  energy  loss  spect¬ 
rum  of  electrons  scattered  through  90°  were 
investigated  on  the  same  apparatus.  The  ele¬ 
ctron  spectrometer  we  used1  is  modified  to 
permit  high-temperature  investigations.  We 
studied  the  spectra  in  the  primary-beam  ener¬ 
gy  interval  E  =  10  -  100  eV  and  in  the  eje- 
cted-electron  energy  range  5  -  30  eV. 

As  a  result  of  analysis  of  numerous  ele¬ 
ctron  spectra  energy  dependences  of  the  inte¬ 
nsity  for  more  than  40  lines  have  been  obtai¬ 
ned.  Depending  on  nature  of  decaing  autoioni¬ 
zation  states  these  intensities  behave  diffe¬ 
rently.  However,  for  the  series  of  lines  we 
found  the  presence  of  one  or  more  sharp  and 
intense  maxima  on  the  curves  near  the  thres¬ 
holds.  These  maxima  are  caused  by  the  additi¬ 
onal  mechanism  of  populating  the  AIS  through 


rule,  the  intensities  of  the  decays  to  the 
ground  state  are  greater  than  to  the  excited 
states.  Nevertheless,  for  all  these  atoms  we 
found  few  decays  into  excited  states  which 
were  several  orders  of  magnitude  stronger  than 
the  decays  into  the  ground  ionic  states.  We 
also  found  few  transitions  into  the  excited 
states  which  can  be  observed  only  in  the  narrow 
incident  energy  interval  above  threshold 
(E  <  1  eV) ,  i.e.  these  processes  are  strictly 
resonant. 

We  compared  our  results  with  the  results 
of  measurement  of  the  ionization  cross  sections 
of  these  atoms  and  the  excitation  functions  of 
the  spectral  lines  of  the  ions  Sr*,  Ca*  and 
Ba*.  it  was  found  that  the  sharp  structures  on 
the  ionization  curves  are  the  consequence  of 
the  resonance  population  of  the  AIS  and  their 
subsequent  decay  into  different  positive  ion 


short  -  lived  negative  ion  states  of  the 
respective  atoms: 


e  ♦  A  — » A 


%is  *  esc 


A  ♦  e 


eject. 


The  analysis  and  the  comparison  of  the 
energy  loss  and  the  ejected  electron  spectra 
showed  that  many  AIS  were  represented  by  more 
than  one  line  in  ejected  electron  spectrum, 
as  a  result  of  multichannel  decay  of  the  AIS. 
The  multichannel  decay  is  best  studied  at 
small  incident  energies  close  to  lowest  ioni¬ 
zation  states  thresholds,  where  the  decay 
pattern  is  simple.  Lines  in  the  ejected 
electron  spectra  appear  in  correleted  groups, 
each  group  representing  decays  of  various  AIS 
in  a  particular  A*  state.  Lines  within  a  group 
have  different  intensities,  but  the  correspo- 
dlng  lines  in  each  group  have  the  same  appear¬ 
ance  potential,  which  proves  the  multichannel 
decay  of  AIS.  Positive  ion  excited  states  in 
question  are,  most  probablly ,the  lowest  ZD 
and  2P  states  of  the  ions  Sr*,  Ca*  and  Ba*. 

The  number  of  the  channels  achieve  5-1  u.  As  a 


states.  The  structures  in  the  excitation  fun¬ 
ction  of  the  spectral  lines  are  the  consequence 
of  the  following  process: 


e  ♦  A  — —A 


%is  *  esc 


A  ♦  e 


eject 


A  ♦  hV  . 
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ELECTRON  IMPACT  IONIZATION  OF  LASER  EXCITED  BARIUM  ATOMS 


S.  Trajmar*  and  J.  C.  Nickel4, 

#Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 
*  Department  of  Physics,  University  of  California,  Riverside,  CA  92521 


A  collimated  atomic  Ba  beam  (20:1  collimation)  was 
excited  by  a  crossed  laser  beam  to  the  6s6p  ^  P  level. 
The  tunable,  single  mode,  cw  dye  laser  was  able  to 
selectively  pump  the  138  isotope  (which  has  no  hyperfine 
structure)  and  was  linearly  polarized.  Radiation  decay 
from  the  6s6p  ^  P  level  has  in  addition  generated  some 
population  in  the  6s5d  D  metastable  level  of  •3°Ba. 
(Branching  ratio  i  1:700)  In  the  Interaction  region, 
therefore,  ue  have  a  mixture  of  ground  atate  Ba  isotopes 
(in  the  ratio  of  their  natural  abundance),  and  1®®Ba 
atoms  In  the  ground  6s2  1 S  and  excited  6s6p  'p  and  6s5d 
’d  states.  Above  the  interaction  region  (Just  outside 
of  the  laser  beam)  only  the  1 D  and  ground  state  species 
survive  (lifetime  of  the  'p  state  is  -10~®  sec). 

The  Ba  atoms  in  the  Ba  beam/laser  beam  Interaction 
region  or  above  this  Interaction  region  were  ionized  by 
a  crossed  electron  beam.  The  electron  beam  energy  was 
variable  from  a  few  eV  to  few  hundred  eV  and  the  width 
of  the  electron  energy  distribution  was  about  0 .H  eV. 
The  Ba  ions  were  mass  analyzed  with  a  monopole  mass 
spectrometer  and  the  ion  signal  was  measured  with 

and  without  laser  pumping  both  In  the  laser/Ba 
interaction  region  and  above  It.  (See  Fig.  1  for 
schematic  arrangement.) 


6s6d  'd  and  6s6p  ’ ?  states.  The  total  Ionization  cross 
sections  obtained  this  way  are  averagea  over  scattered 
and  ejected  electron  distributions  and  do  not  change 
with  laser  polarization.  It  was  found  that  the  total 
ionization  cross  section  for  the  1®®Ba  (6s6p  ^P)  and 
'®®Ba  (6s5d  'd)  species  were  about  20X  and  <IOf, 
respectively,  larger  than  those  of  1^®Ba  (6s2  ' S) 
species  in  the  20  to  90  eV  impact  energy  range. 
Measurements  at  lower  electron  Impact  energies  are  in 
progress  and  will  be  reported. 

This  work  was  performed  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology  and  was 
supported  In  part  by  the  National  Aeronautics  and  Space 
Administration  and  in  part  by  the  National  Science 
Foundation. 
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Fig.  1 .  Schematic  experimented  arrangement 


From  these  measurements  and  from  the  known 
Ionization  crosa  section  of  ground  state  3  Ba  (which 
was  taken  equal  to  the  ionization  cross  section  of  the 
naturally  occuring  isotope  mixture)1  we  have  been  able 
to  obtain  ionization  oroas  sections  for  '®®8a  In  the 


ELECTRON  SPECTROSCOPY  OF  MULTIPLY  IONIZING 
ELECTRON -RARE  GAS  COLLISIONS 

M.  A.  Chaudhry,  A.J.  Duncan,  R.  Hippier  and  H.  Kleinpoppen 
Atomic  Physics  Laboratory,  University  of  Stirling,  Stirling  FK9  4LA,  Scotland 


INTRODUCTION 

Recently  the  measurement  of  doubly  differential  cross 
sections  (DDCS)  for  electron  ejection  in  electron- 
argon  collisions  was  reported  by  Hippier  et  al*  for 
ejected  electron  energies  25  eV  to  300  eV,  ejection 
angle  -  90s  ar.d  incident  electron  energies  of  300  eV 
to  3  keV.  These  measurements  are  now  being  extended 
and  improved.  New  results  are  reported  in  argon  for 
an  incident  “iectron  energy  of  1.5  keV. 


An  energetic  electron  beam  is  injected  into  a  dilute 
argon  gas  target.  Ions  produced  by  this  process  are 
extracted  from  the  collision  region  by  a  small  electric 
field  (15  V/cm) .  Electrons  ejected  at  90°  with 
respect  to  the  incident  electron  direction  and  per¬ 
pendicular  to  the  electric  field  used  for  ion  extraction 
are  detected  in  a  30°  paral lei -plate  electrostatic 
analyzer.  Electrons  ejected  in  an  n-fold  ionization 
process : 

e“  +  Ar  -  ne"  +  Arn+  +  eT 

are  identified  by  detection  of  the  corresponding  product 
ion.  The  ionic  charge  state  is  determined  by  a  time- 
of-f light  method  in  which  the  time  delay  of  the  product 
ior.  relative  to  the  ejected  electron  is  measured  using 
standard  coincidence  electronics. 

As  shown  in  figure  1,  peaks  corresponding  to  n=l  up  to 
n=4  are  observed. 


Doubly  differential  cross  sections  (DDCS)  for 
n-fold  ionization  versus  energy  of  the  detected 
electron  for  1.5  keV  electrons  incident  on  argon. 
The  ejection  angle  is  >0a.  Data  are  obtained  in 
coincidence  with  o  Ar'*',  •  Ar'*,  Ar'*,  and  (not 

shewn)  Ar  *  ions.  .’ht  s.  lid  lin.-s  jn  :.ly 
guide  the  eye. 


The  DDCS  for  electron  impact  on  argon  at  an  energy’  of 
1.5  keV  is  shown  as  a  function  of  ejected  electron  energy 
in  figure  1.  With  reference  to  the  Ar  *  m  i  tr.-  Ai  ** 
results,  the  peak  in  the  DDCS  appears  to  show  a  shift 
towards  lower  detected  electron  energy  of  about  -0  eV 
per  charge  state  increase,  in  agreement  with  the  pre  on- 
rare  gas  collision  results  of  Hippier  et  al.~ 

The  authors  gratefully  acknowledge  the  financial  support 
of  SERC  and  wish  to  thank  Mr  K  Saeed  for  useful  discussions. 
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Fig .  1 .  Time  of  flight  spectrum  of  argon  ions  with 
charge  +1  to  +4  in  coincidence  with  ejected 
electrons  of  energy  200  eV. 

In  comparison  to  the  earlier  work  of  Hippier  et  al/ 
improvements  in  energy  calibration,  detection  efficiency 
and  statistical  accuracy  have  been  achieved. 
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OF  Xe  USING  CROSSED  ELECTRON -NEUTRAL  BEAMS 
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It  is  known  that  ionization  phenomena  in  heavy 
a*  ;~s  cannot  be  totally  explained  in  terms  of  one- 
electron  central-field  models.  For  instance,  the 
strongly  collective  character  of  N  shell  electrons 
in  Xe  manifests  itself  in  the  totally  nonhydrogenic 
nature  of  photoabsorption  spectra1*  Furthermore, 
recent  studies  of  electron  impact  ionization  have 
established  that  in  addition  to  ’direct'  ionization 
other  complex  mechanisms  can  also  make  significant 
contributions  to  the  ionization  process  .  We  report 
here  high-sensitivity  measurements  of  partial  cross 
sections  for  ionization  of  Xe  upto  charge  state 

p 

3,  from  threshold  to  ^  150  eV,  using  crossed  beams  . 

Fig.i  shows  the  single  ionization  cross  section 
function  for  Xe;  the  relative  cross  section  has 
been  normalised  against  the  absolute  total  ionization 
cross  section  of  Rapp  and  Englander-Golden^  at  20 
eV  .  We  interpret  the  prominent  minimum  in  the  vici¬ 
nity  of  55  eV  as  an  effect  of  inter-shell  interac¬ 
tions  involving  virtual  excitation  of  4d-electrons 
and  subsequent  transfer  of  excitation  energy  to 
the  shell  .  Calculations  usinc  a  one-electron 

model 7  indicate  a  zero  in  the  5p— ♦  i.d  contribution 
to  single  ionization  in  Xe  at  this  energy .  Alterna¬ 
tive  processes  such  as  excitation-autoionization 
involving  5s1  5p^  nl  nl  or  4d^  nl  states  are  unlikely 
to  contribute  to  structure  at  this  energy  . 


FIECTR0N  ENERGY  (eV) 

FIG.I:  Cross  section  for  single  ionization  of  Xe. 
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FIG. 2:  Ionization  of  4d  electrons.  Circles:  present  data 
(see  text);  l  ino;  ohotoionization  data  (ref.4); 

Dashes:  Lotz  formula 

We  have  also  fitted  the  semi-empirical  Lotz 
formula  to  our  Xe*  data,  taking  into  account  the 
5p,  5s  and  4d  subshells.  The  difference  between 
measured  and  calculated  data  is  compared  (Fig  .2) 
with  4d  photoionization  cross  section  .  The  surpris¬ 
ing  similarity  between  the  two  data  sets  demonstrates 
the  inter-relationship  between  electron  and  photon 
impact  ionization  and  indicates  that  concepts  like 
electron  correlations,  term  dependence  and  wavefunc- 
tion  collapse,  which  are  applied  extensively  in 
photoionization,  may  be  of  relevance  in  electron 
impact  ionization  of  high-2  atoms  too. 
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SINGLE  ELECTRON  IMPACT  IONIZATION  CROSS  SECTIONS 
FOR  CROUNDSTATE  AND  METASTABLE  AR2*IONS 
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Institut  fur  Exper imentalphys ik  AC  II,  Ruhr-Univers i tat 
D-4630  Bochum,  West  Germany 


Partial  electron  impact  ionization  cross  sections 
for  the  production  of  metastable  multiply  charged  ions 
are  of  general  interest  on  the  one  hand  for  an  evalua- 
t ion  of  met ast able  fractions  in  the  primary  beam  of  ion 
collision  experiments  on  the  other  hand  for  modelling 
detailed  ionization  and  excitation  balances  in  hot  plas¬ 
mas  . 

Till  now  no  general  method  for  a  direct  access  to 
these  cross  sections  was  available.  In  the  case  of  meta¬ 
stable  states  of  neutrals  or  singly  charged  ions,  the 
difference  in  potential  secondary  electron  emission  from 
surfaces  was  used  in  order  to  detect  met astab les^ .  How¬ 
ever,  this  method  does  not  allow  a  separation  of  differ¬ 
ent  excited  metastable  states  and  fails  in  general  if 
the  potential  energy  of  the  ground  state  species  does 
not  differ  appreciably  from  that  of  the  metastable.  This 
is  the  general  case  for  multiply  charged  ions  and  meta- 
staLies  with  small  excitation  energy. 

A  means  of  distinguishing  different  excited  states 
of  the  primary  ions  is  the  high  resolution  single  and 
double  t rans  lat iona  l  spectrometry  of  secondary  ions  pro¬ 
duced  in  electron  capture  reactions^.  We  have  used  this 


FI  CTRL  Z  Cross  section  for  double  ionizat ion  of  Ar  by 
single  electron  impact 

ident i f i cat  ion  technique  to  measure  metastahles  produced 
in  a  small  electron  beam  ion  source,  where  the  ionizing 
electrons  had  an  energetic  halfwidth  of  less  than  bOOtneV 
an  cl  the  electron  impact  energy  ^  could  he  varied  be¬ 
tween  ionization  threshold  and  700  eV. 

The  total  ionization  cross  section  for  Ar2*  given 
in  Fig.  1  was  obtained  from  the  total  Ar2  +  current 


emitted  by  the  source.  At  E  =100  eV ,  the  curve  was  nor 

el  3 

malized  to  cross  section  values  from  Stephan  et  al.  . 

The  agreement  with  experimental  values  of  other  work- 

3,4,5  ,  . 

ers  over  the  whole  energy  range  is  quite  good. 


FIGURE  2  Apparent  cross  sections  for  the  production  of 
specific  Ar2+  ion  states 

Fig.  .?  shows  sop'h  preliminary  results  for  partial 
cross  sections  describing  the  production  of  Ar2+  in  the 
3P .  ’Da.  1So.  SD°  and  3F2  states  near  threshold.  The  3P , 
’Da  and  ’So  states  were  identified  by  electron  capture 
reactions  in  a  He  target,  while  for  the  higher  metastables 
5D°  and  3F®  an  Ar  target  was  used.  The  various  cross 
sections  show  a  strong  decrease  near  threshold  and  in 
some  cases  an  additional  structure  at  electron  energies 
where  higher  excited  states  of  Ar2+  become  accessible. 

For  comparison  wo  present  the  curve  labeled  ’met* 
obtained  by  Winter  et  al.^  by  the  potential  emission 
method.  This  method  seems  to  be  mainly  sensitive  to  the 
high  lying  5D°  and  3F°  slates  and  -  to  a  smaller  extend  - 
to  the  low  lying  ’So  state. 
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INTRODUCTION 

Calculation  of  cross  sections  for  processes  such  as 
inner  shell  ionization,  multiphoton  ionization.  01 
s imul taneous  electron  -  photon  excitation  usually 
requires  evaluation  of  ma  t r lxelement s  of  the  form  : 

f<a>  =  <  f  |  expl  ifl.xM  x>  (») 

where  |i>.  jf>  are  hydrogenic  states  with: 


|i.f>  r  Cx  1  *  exp(-xr)  *  r'  • fF f ( !♦ 1  ^ . 21* 2 . 2xr 1 


with  x=Wn  for  bound  states  and  x  =  ik  for  free  states. 
These  integrals  have  been  considered  by  many  authors1  3 
using  either  parabolic  or  spherical  coordinates; 

however  their  formulae  are  difficult  to  compute  as  they 

J 

contain  either  infinite  summations  or  differentiation 
with  lespect  to  some  parameter1.  In  a  very  recent 
paper.  Belkic*  started  from  the  integral  representation 
of  the  final  state  to  achieve  a  result  m  terms  of  a 
(mite  sum;  yet  he  presents  no  numerical  examples. 

We  use  a  multipole  expansion  for  the  exponential.  For 
each  multipo.le  order,  the  result  is  a  polynomial. 

The  total  cross  section  for  electron  impact  ionization 
is  obtained  by  integrating  the  absolute  square  of  Eq.(l) 
over  the  angles  of  the  projectile  and  ejected  electrons 
as  well  as  over  the  energy  distributed  between  them*: 


=  J  dlcosB)  J  q2  dq  J  d  Q(u)  kf/k^  IflflH  l3* 


DERIVATION  OF  THE  FORMULAE 

G 

we  start  from  the  multipole  expansion  .  The  angular 

G 

integration  can  be  performed  easily  The  remaining 

radial  integral  is  of  the  following  form: 


r  [  J  dr  r  exp!  r/n  ) r 


F  (1  ♦  l  - n  .21  •  2 . 2  r / n  ) 

111  li  l 


j  j  ( q  i)  expl-ikfr)  r  21^*2. 2ik(rl 


from  the  definition  of  the  Mankel  functions  we  see 
that  the  Bessel  function  can  be  leplaced  by  an  expnnen 


tial  multiplied  by  a  finite  sum. 


Inserting  thj  *, 


(11.  the  integration  can  be  easily  carried  out  and 


f  (q)  =  F  l 
r  1  =  0 


r  (1*1/2, m)  f  *.2  iq  1 
m  =  0 


-  la* 1 )  1  p  Ip 


p=0  ( b4 1  p1 
1  P 


^'a-P'VVV 


A  *  1  / n  ♦  l k  ♦_  lq 


*  2  5  lf#,'l,k 


z,  ‘  2ik / A 


Tor  q  smaller  than  .1.  it  is  numerically  propitious  to 

fl 

expand  the  Bessel  function  in  a  power  series  ;  using 
this  expansion,  the  integration  is  straightforward 


We  will  present  converged  triple  differential  czosc  cer 
tions  for  the  ionization  of  the  lowest  few  hydrogenic 
states.  In  addition,  numerically  integrated  total  'iiss 
sections  will  be  given  for  impact  energies  high  enough 
for  the  Born  approximation  to  be  valid. 
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The  triple  differential  cross  sections  (TDCS)  mea¬ 
sured  in  (e,2e)  experiments  provide  the  most  sensitive 
probe  tor  any  model  o:  single  ionization  by  electron 
impact.  In  the  case  o:  coplanar  -symmetric  Ehrhardt-type 
geometry  the  crucial  importance  of  second  order  effects, 
in  accounting  for  all  the  main  features  of  the  TDCS  mea¬ 
surements,  is  well  known.  In  the  coplanar  symmetric 
kinenatical  arrangement  with  0-45°,  which  is  popular 
in  (e,2e)  spectroscopic  studies,  theories  which  are 
essentially  first  order  in  character  lead  to  reasonable 
results.  However,  for  large  0  it  has  been  recently  shown 
oy  Byron  et  al1  and  Pochat  et  al^  that  the  second-order 
Born  term  of  the  scattering  amplitude  becomes  as  impor¬ 
tant  as  anu  even  more  important  than  the  first-order 
Born  term. 

The  present  paper  is  aimed  at  showing  that  not  only 
the  second-order  effects  but  the  contribution  from  still 
:;ig:.er-order  terms  (n  .2)  are  also  quite  important  for 
large  0.  Tne  calculation  of  higher-order  terms  is  extre¬ 
mely  iifficult.  However,  a  workable  procedure  which  has 
beer,  used  in  the  recent  years  with  reasonable  success 
is  the  modified  Glauber  (MG)  approximation3 .  Here  the 
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second-order  term  in  the  Glauber  scattering  amplitu¬ 
de  fQ  is  replaced  by  the  second-order  Born  term  f  .The 
MG  scattering  amplitude  is  given  by 

fMG  fG  +  'B2  fG2  (1> 

The  authors^  have  recently  used  this  approximation 
to  analyse  the  coplanar  asymmetric  data  of  Lohmann 
et  al"*  for  the  ionization  of  hydrogen.  A  significant 
enhancement  in  the  size  of  the  recoil  peak  over  that 
predicted  by  the  second-Born  and  eikonal-Born  series 
approximations  is  observed  particularly  in  situations 
where  the  momentum  transfer  K  is  not  too  small. 

We  shall  consider  TDCS  for  the  ionization  of 
atomic  hydrogen: 


The  amplitude  f,,  in  Eq.(l)  is  evaluated  by  following 

the  method  of  Roy  et  al6.  The  amplitude  f  at  large  0 

B2  ^ 

is  estimated  by  using  the  method  of  Byron  et  al  .  The 

procedure  for  evaluating  f  is  given  in  Ref.  4. 

Gz 

Figure  1  shows  our  MG  results  along  with  those 

obtained  in  the  first  Born  (Bl)  and  the  second  Born 

( B2 )  approximations  at  E  =  500  eV.  The  second-order 
o 

born  rontr lbution  has  been  estimated  throughout  by 
usinj  the  large  energy  and  large  0  estimate  given 
by  Byron  et  al1.  The  three  results  differ  significantly 
from  etie  another  for  9  >  90°.  The  dip  in  the  B2 
results  at  a-  105°  depicts  the  interference  cancella¬ 


tion  cetween  the  first  Born  and  the  second  Born  ampli¬ 
tudes.  The  MG  results  clearly  show  the  dominant  contri¬ 
bution  of  tne  higner-order  terms  for  large  0. 
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TRIPLY  DIFFERENTIAL  CROSS  SECTIONS  FOR  THE  H[e,2e)H  PROCESS 
A.C.  Roy* 

School  of  Physical  Sciences,  The  Flinders  University  of  South  Australia, 
Bedford  Park,  South  Australia  5042 


In  a  previous  communication*,  we  reported  an 
analytical  expression  for  an  approximate  eikonal 
amplitude  for  electron- impact  ionization  of  hydrogen. 
The  purpose  of  this  work  is  to  calculate  triply 
differential  cross  sections  (TDCS)  for  the  H(e,2e)H+ 
process  using  that  expression  and  to  compare  them  with 
the  results  of  other  calculations  and  experiment. 

We  have  considered  the  case  of  coplanar  asymmetric 
geometry,  i.e.  the  energy  of  the  ejected  electron  is 
small  compared  to  the  energy  of  the  scattered  electron. 
The  direct  amplitude  for  the  present  reaction  has  been 
calculated  in  the  Glauber  approximation  (GA)^  using 
the  method  of  Roy  et  ai.^  which  reduces  the  five¬ 
dimensional  Glauber  amplitude  for  the  H(e,2e)H+ 
process  to  the  two-dimensional  form. 

Table  1  shows  the  present  Glauber  results  along 
with  the  first  Born  approximation  (FBA)  results 


TABLE  1.  Coplanar  triply  differential  cross  sections, 
d^a/dKjdl^c^,  in  atomic  units  for  electron- impact 
ionization  of  atomic  hydrogen  for  the  incident  energy 
E  =  250eV,  the  ejected  electron  energy  E,  =  lOeV  and 
the  scattering  angle  Gj  -  5°. 


82 

(deg) 

FBA3 

GAb 

GAEC 

Experiment1* 

Rc 

-10 

0.73 

0.49 

0.48 

-30 

2.19 

1.74 

1.70 

-50 

3.66 

3.12 

3.0’ 

2.44 

-"0 

3.45 

2.91 

2.87 

2 .  ’’0 

-90 

1.83 

1.42 

1.40 

2.38 

-110 

0.54 

0.34 

0.34 

0.99 

-130 

0.094 

0.042 

0.041 

-150 

0.094 

0. 12 

0.12 

-t‘0 

0.20 

0.28 

0.  2‘ 

3. 

10 

0.13 

0.059 

0.057 

30 

0.078 

0.091 

0.091 

4  . 

50 

0.18 

0.25 

0.24 

0.43 

‘0 

0.27 

0.37 

0.37 

0.22 

5. 

90 

0.33 

0.43 

0.42 

0.‘1 

I  10 

0.35 

0.43 

0.42 

0.94 

130 

0.35 

0.43 

0.42 

150 

0.35 

0.43 

0.42 

I?0 

0.28 

0.39 

0.38 

Present  first  Born  approximation. 

^Present  Glauber  approximation. 

c 

Present  Glauber  approximation  with  exchange. 
^Reference  4. 


and  experiment  at  an  incident  energy  E  =  250eV,  the 
ejected  electron  energy  E.,  =  lOeV  and  the  scattering 
angle  6^  *5°.  The  measurements  are,  however,  relative 
and  have  been  put  on  an  absolute  scale  by  normalizing 
the  binary  peak  data  at  the  angle  of  ejection  G,  =  70°. 

E  =  250eV,  E.,  =  lOeV  and  G^  =  5°  to  the  second  Born 
calculations  of  Byron,  Joachain  and  Piraux^.  An 
examination  of  the  cross  section  values  presented  in 
Table  1  shows  that  the  magnitudes  of  TDCS  obtained  in 
the  GA  seem  to  be  better  than  the  corresponding  FBA 
values  and  are  in  reasonably  good  agreement  with 
experiment.  In  addition,  we  find  that  the  effect  of 
exchange  is  not  appreciable  in  the  present  case  of 
asymmetric  geometry. 
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support  tor  this  work  was  provided  by  the  Australian 
Research  Grants  Scheme. 
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Many  quantum  mechanical  treatments1'2'3*4  have 
followed  in  the  wake  of  wannier's5  incisive  classical 
description  of  ionization  events  close  to  threshold. 
Their  predictions  vary  with  regard  to  the  distributions 
in  single  and  energy  of  the  scattered  and  ejected 

electrons.  (e,2e)  coincidence  experiments,  with  their 

total  determination  of  the  reaction  kinematics,  provide  a 
stringent  test  of  these  pred ict ions .  However,  there  have 
been  only  a  limited  number  of  experiments  performed  close 
to  threshold . 

Cvejanovi^  and  Read6  used  a  coincidence 
time -of -flight  technique  to  measure  the  energy 

distribution  and  angular  correlation  functions  of  the  two 
outgoing  electrons.  The  energy  distribution  function  was 
found  to  be  uniform  from  0.2  to  0 . 8ev  above  threshold. 
The  width  of  the  angular  correlation  function,  (although 
measured  at  only  two  angles),  increased  in  a  manner 

consistent  with  an  E14  dependence.  This  preliminary  work 
was  extended  by  Pichou  et  al7  who  measured  the  energy  and 
angular  distributions  close  to  threshold  in  a  coplanar, 
non -coincide nee  experiment.  Fournier-Lagarde  et  al8  have 
recently  measured  differential  cross  sections  for  the 
ionization  of  helium  down  to  lev  above  threshold  using  a 
coplanar  geometry  in  an  (e,2e)  coincidence  experiment . 
This  work  neatly  complements  the  experiments  of  Eh r hard t 
et  al9  and  Schubert  et  al10  who  had  previously  measured 
such  cross  sections  down  to  a  lower  limit  of  6eV  above 
threshold . 

The  differential  cross  section  may  be  expressed  as8 

—  (E,E:e101©202>  - 

dn1dn2dEi 

( l4  f0'2*5«  '2)exp(-41n2((e12-l*0»)/9i2)2  E0127 

where  f0  and  fj  are  the  singlet  and  triplet  scattering 
amplitudes  respectively.  ©i,  is  the  width  of  the  angular 
correlation  function  given  by  ©i2  «  85°(E(eV))14 
and  18  the  *ngie  between  the  two  electrons  given  by 
©12  -  cos':( co9e1cos02+stn©19in©2cos( 0i-02  ) ) . 

When  a  non -coplanar  scattering  geometry  is  adopted 
with  then  ©12*^1  “02  arK*  the  singlet  and 

triplet  scattering  amplitudes  are  constant.  Under  these 
ci rcumstances,  the  differential  cross  section  varies  only 
with  the  relative  azimuthal  angle.  This  may  be 
practically  realised  in  an  experiment  where  the  two 
analysers  rotate  in  the  plane  at  90®  to  the  incident 
beam,  which  may  be  termed  the  'equatorial  plane 

A  new  (e,2e)  coincidence  apparatus  has  been  designed 
for  such  experiments  close  to  the  threshold  of 


ionization.  It  is  capable  of  performing  coplanar  or 
non-coplanar  experiments  with  synnetric  or  asynmetric 
kinematics.  Two  coplanar  analysers  rotate  on  concentric 
circular  tracks,  The  gun  is  carried  on  an  arm  along  an 
arc  in  a  perpendicular  plane.  The  axis  of  rotation  lies 
in  the  plane  of  the  analysers.  In  a  coplanar 
arrangement  the  analysers  each  have  an  angular  range  of 
+  145°  to  -180°.  For  non-coplanar  geometries,  the 
analysers  are  interchangeable  and  the  invariance  of  the 
coincidence  signal  may  be  checked.  The  analysers  have  a 
minimum  separation  angle  of  37°,  and  may  be  moved  back 
and  forth  under  automatic  control  for  normalisation 
purposes.  The  experiment  also  features  a  minicomputer 
system  based  on  a  DEC  POP  11/23  with  IEEE  583  (CAM AC) 
and  IEEE  488  (GPI8)  interfaces.  The  computer  is  able 
not  only  to  handle  the  data  acquisition,  but  also  to 
monitor  various  experimental  parameters,  such  as  the  gas 
pressure  and  electron  currents  around  the 
electron-optical  system.  Thus  by  having  selected 

potentials  under  computer  control,  the  spectrometer  may 
be  periodically  retuned  using  optimization  routines,  and 
the  long  term  stability  improved.  The  system  is 
interfaced  in  a  manner  that  makes  it  possible  to  return 
the  spectrometer  to  manual  operation  at  any  time. 

The  results  to  be  presented  will  include 
measurements  of  differential  cross  sections  in  the 
equatorial  plane  for  helium,  giving  information  in  the 
form  of  the  dependence  on  ©^2  auid  on  the  way  in  which 
©i*  varies  with  E. 
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Accurate  noncoplanar  symmetric  (e,2e)  measurements 
have  been  made  on  xenon  at  E  =  lOOOeV  and  '  =  4  5°,  and 
1 200eV  and  -  =  46°.  Valence  separation  energy  spectra 
have  been  obtained  at  1200eV  over  the  azimuthal  angular 
range  1=0  -50°.  The  5s  satellite  structure  was 

studied  in  detail  as  a  function  of  the  recoil  momentum 
p  from  0.3  to  1.5  a.u.  The  relative  intensities  of  the 
w.i : ferent  satellites  remain  constant  within  experimental 
error,  confirming  their  assignment  to  the  5s'1  hole 
state.  The  pole  strengths  obtained  at  lOOOeV  and 
•  ~  *  'P  *’•  1  a.u.)  and  :  =  S°  ip  il.h)  agree  within 
experimental  error  with  the  lOOfleV  data.  Table  1 
compares  the  :  =  o’  data  with  a  large  CIPF  calculation 
and  a  calculation  by  Hansen  and  Persson*.  The  pole 
strength  of  the  lowest  state  in  t  ,e  5s’1  manifold  is 
significant ly  overestimated  in  the  many  body 
c  a  1  c  u  1  a  t  l  dr.  s  . 

•' inures  1  anwi  2  show  noncoplanar  symmetric  angular 
correlations  measured  at  lOOOeV  and  »  45*  for  ip*1  and 
transitions  compared  with  the  plane-  3nd  distorted- 
w  iw.  impulse  approximations  using  both  DF  and  Ml 

|  1  >  .  awj.w-  .Inti-A"  W -a  C  -fw. 

included  ; n  the  calculations. 


1C'-  1 - —l - 1 — 5 - 1 _ 1 

0  1U  20  30 

0  (deg) 

i-ic.  1  ITu*  3p  1  angular  correlation. 

The  data  have  been  normalized  to  the  naxinan  m  the 
I'M  A  *'p  cross  section  using  PI  wave- funct  ion.  :';\c 
figures  show  that  the  OWIA  gives  an  excellent 
description  of  the  relative  5p:5s  cross  section-  and  of 
their  shapes.  The  PWI.A  gives  a  good  description  of  the 


i  ig.  2.  The  5s  angular  correlation. 

shape  at  low  momentum,  where  the  cross  section  is  large. 
It  overestimates  the  as  cross  section,  making  no 
allowance  for  absorption  in  the  electron  waves. 
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pole  strengths  for  looOcV  and  45®. 
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The  effect  of  a  slowly  receding  photoelectron  on 
the  shape  and  location  of  an  Auger  line  has  been  inves¬ 
tigated  for  Auger  transitions  following  photoionization 

of  an  inner  shell  electron.  The  theory  of  Niehaus  and 
1  2 

*  is  reformulated  and  extended  to  take  into 


Morgenstern 


account  the  time  it  takes  for  the  fast  Auger  electron  to 
overtake  the  slow  electron.  Because  of  this,  much  smal¬ 
ler  shifts  are  found  in  the  energies  of  the  Auger  peaks 
due  to  post  collision  interaction  than  those  predicted 
bv  Niehaus.  The  extended  theory  can  easily  be  general¬ 
ized  to  treat  inner  shell  vacancies  caused  by  electron 
impact  ionization  near  threshold,  in  which  case  the  ef¬ 
fect  on  the  Auger  line  is  caused  by  two  slowly  receding 
electrons.  Two  assumptions  are  made  in  this  approach: 

1.  The  electron  in  the  vicinity  of  an  ion  with  an  inner 
shell  vacancy  will  not  disturb  the  Auger  process  itself. 
At  the  "surface’'  of  the  ion,  the  Auger  electron  will  be 
emitted  with  the  same  mean  lifetime  and  Lorentzian  dis¬ 
tribution  of  kinetic  energies  with  or  without  the  pres¬ 
ence  of  a  nearby  photoelectron.  This  assumption  merely 
holds  that  the  electric  field  produced  by  the  outgoing 

photoelectron  does  not  polarize  the  wavefunction  of  the 
residual  ion  sufficiently  to  alter  the  Auger  process. 

2.  The  observed  energy  distribution  of  the  Auger  elec¬ 
tron  differs  from  the  emitted  spectrum  solely  because 
the  two  outgoing  electrons  exchange  some  energy  if  the 
Auger  electron  passes  the  photoelectron.  Essentially, 
when  the  fast  Auger  electron  passes  the  slow  photoelec¬ 
tron,  the  latter  suddenly  loses  the  electrostatic  scree¬ 
ning  that  the  former  had  provided.  The  consequent  de¬ 
crease  in  energy  of  the  photoelectron  is  compensated  by 

4 

an  increase  in  energy  of  the  Auger  electron.  This  in¬ 
crease,  denoted  by  S,  is  a  function  of  the  excess  energy, 
Ej,  of  the  photoelectron,  the  energy  of  the  Auger  elec¬ 
tron,  E^,  and  the  time,  t,  that  elapsed  between  the  ejec¬ 
tion  of  the  photoelectron  and  the  subsequent  Auger  pro¬ 
cess  that  fills  the  inner  shell  vacancy.  In  a  classical 
picture  of  the  Auger  electron-photoelectron  interaction 
(convenient,  but  not  essential  to  the  model),  S  =  1/R^, 

where  R  is  the  radius  at  which  the  Auger  electron  over- 
x 

takes  the  photoelectron.  Writing  R^  *  1/S  and  denoting 
the  time  of  overtaking  bv  T^,  S  is  determined  by  equat¬ 
ing  the  two  alternative  calculations  of  T  : 


Xl/S  .  f  1/S  . 

^  -  t  ♦  /  K 

V1  J  RA  va 


where  v^(r)  and  vA(r)  are  the  respective  velocities  of 
the  photoelectron  and  the  Auger  electron: 

„  _  i  /—"Tl  1/2  / _ 


=  [2(EX  +  l/r)]1/2 
VA  =  [2<EA  +  2/r)]1/2' 


and  R.  and  R.  are  the  shell  radii  from  which  the  elec- 
1  A 

trons  originate.  With  S  so  determined,  the  Auger  line 
shape  is  given  by 


P(E)  =  ja(E)|2 


a(F.)  =  cr/rff) 


exp(-U(t))  dt, 


■  j:  t 


+  i(E  -  S(t*))  dt’ . 


It  is  possible  to  show  that  the  distribution  described 
by  Eqs.  (3)  is  normalized  for  any  S(t*)  and  reduces  ex¬ 
actly  to  the  undistorted  Lorentzian  line  shape  when 
S(t * )  =  0.  It  is  also  possible  to  show  that  for  all 
practical  purposes,  S—>0  as  and  is  equal  to  zero 

when  ei>ea*  (Because  the  effective  Z  seen  by  each  el¬ 
ectron  is  different,  ^  does  not  become  identically  equal 

to  zero  for  all  t  until  E.>E.  +  2/R.  -  1/R.  .  However, 

1  A  A  1 

the  small  range  of  t  near  t  *  0  for  which  a  nonzero  * 

exists  makes  no  significant  contribution  to  P(E)  , 

For  the  much  studied  Auger  transition  in  Ar  at 

E4  =  201  eV,  P  =  130  meV,  the  shift  in  the  Auger  line 
A 

when  the  excess  energy  E.  =  125  eV  is  found  to  be  only 

1  2 
4  meV,  rather  than  the  21  meV  reported  by  Niehaus. 
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POST- COLL I SION  INTERACTION  (  PCI  )  IN  INNER-SHELL  IONIZATION 
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Wt*  study  the  PCI  effect  on  Auger  electrons  follow¬ 
ing  inner-shell  electron  impact  ionization^ .  Here  we 
present  measurements  on  the  energy  shift  of  the  2.66 
keV  Ar  KLL(^D^)  Auger  line  down  to  an  excess  energy  of 
about  0.3%  of  the  K-ionization  threshold  (3.2keV). 
Furthermore  we  report  about  a  new  experiment  to 
evaluate  the  PCI  shift  on  Ar  L  for  high  excess  energy. 


EXCESS  ENERGY  Ej/eV 


Fig.  1  PCI  shift  €  of  Ar  KLL(  D as  function  of  E ^ 


The  measured  PCI  shifts  £  of  the  Ar  KLL(  D^)  Auger 
peak  at  various  excess  energies  from  2.8kcV  down  to 
lOeV  are  shown  in  Fig.  1.  Calibration  was  done  against 

the  Ar  LMM  Auger  lines.  The  full  curve  represents  the 
2 

theory  of  strongly  correlated  electrons  which  approaches 
a  straight  line  in  the  log£  -log  E l  plot  for  E^>15eV 
(broken  line:  t  =  with  r(Ar  KLL(  !D  J  )  =0.  «  3eV) . 

The  theoretical  value  at  E^=2.8keV  is  added  to  all 
experimental  data,  a  quantity  small  in  comparison  to 
the  shifts  £  in  the  small  excess  energy  region.  In  this 
region  the  theory  is  in  good  agreement  with  the  data. 

For  large  excess  energies  theoretical  predictions 
differ,  depending  on  what  kind  of  energy  distribution 
is  assumed  for  the  scattered  and  emitted  electron  and 
how  the  motion  of  the  outgoing  electrons  is  includt'd 
until  the  Auger  electron  overtakes  one  or  both  of  them. 

Several  measurements  done  so  far  show  consistent 
results  in  the  low  excess  energy  region  )>ut  have  rathei 
large  uncertainties  relative  to  the  PCI  shift  its*  It 
for  high  E^.  This  depends  on  the  expt'r  imental  proce¬ 
dure:  In  the  case  of  Ar  L ^  one  mt'asures  f/ir  etictqy 
difference  between  the  Ar  (^V  , )  Auger  line  in 

reference  to  Kr  M 2 3N ^ 3^ So*  ‘  Bnt ^  Auaer  iir>-  s  have 


comparable  natural  line  width  but  different  ionization 


the  energy  shift  independent  or  a  particular  inner-shell 
vacancy,  the  shifts  on  both  Auger  lines  for  high  E ^  arc 
almost  the  same.  The  resulting  change  in  the  energy 
difference  *  between  the  Ar  L  and  Kr  M  Auger  lines  is 
therefore  even  less  than  the  expected  absolute  shift  of 
only  some  ten  moV  for  high  E and  is  to  be  extracted  as 
small  difference  between  two  nearly  equal  A**152.t8eV! 

In  our  experiment  we  measure  the  PCI  shift  of  a 
diagram  line  in  reference  to  a  neighbour<‘d  satellite 
line  with  an  order  of  magnitude  smaller  E  and  A&lcV, 
thus  reducing  the  experimental  errors  considerably.  In 

Fig.  2  part  of  the  Ar  L  >  M  Auger  spectrum  is  shown 

* >  1  " '  3  3 

as  an  insert.  The  two  satellite  lines  L  M  f  D  )-Mn^ 

^  23^33^3 

(  P)  and  (~D)  are  as  predicted  much  narrower  than  the 
diagram  lines.  First  results  are  shown  in  Fig.  2  (  •  , 
+E=-t>meV)  in  comparison  with  other  experiments  (  o  exp * , 
Q  exp  ,  all  A E=±20nk'V ,  plotted  relative  to  our  data). 

As  the  experimt'nt  is  still  in  progress  we  want  to  empha¬ 
size  at  this  tim<.-  the  inherently  higher  accuracy  of  our 
experimental  procedure  and  t ho  cons istancy  of  our  data , 
but  wo  expect  our  procedure  to  allow  for  an  improvt'ment 
in  testing  theory. 
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PCI  EFFECTS  IN  (e,e*  Auger)  AND  (e,2e)  CROSS  SECTIONS:  Ar  2p 
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Introduction.  Inner  shell  ionisation  and  the 
following  decay  processes  have  been  widely  interpreted 
in  terms  of  first  Born  two-step  theories  (B1S2). 
Experiments  in  which  decay  products  were  to  be  detected 
in  coincidence  with  the  scattered  or  the  ejected 
electron  have  been  proposed  1  .  They  were  thought  to 

give  detailed  informations  on  the  generalized  alignment 
tensor  of  the  ion  .  Coincidence  experiments  between 
scattered  electron  and  Auger  electron  (e, o' Auger)  were 
recently  realised  .  Major  findings  have  been  the 

inadequacy  of  the  two-step  model  at  energies  near  the 
ionisation  threshold  .  Energy  shift  of  the  Auger  lines 
L,M-  jM£,  v  i'Sq!  c  and  ,  1  2  >  6  of  Ar 

have  been  observed  and  abscribed  to  post  collisional 
interactions  (PCI,.  The  present  work  will  report  on 
such  an  experiment  on  Ar  and  on  the  related  (e,2e) 
experiments  , scattered-c jected  electron  coincidences) 
which  lead  to  the  Ar  ( 2p“ 1  )  state  parent  of  the 

studied  Auger  transition.  Both  (e,2e)  and  coincident 
Auger  experiments  have  been  performed  with  an  incident 
energy  of  8.2  KoV  and  upon  identical  kinematic 

conditions . 

The  (e,e*  Auger)  energy  spectrum.  The  full  LMM 
Auger  spectrum  has  been  measured  in  coincidence  with 
scattered  electrons  at  1.5°  scattering  angle  and  for  a 
selected  energy  loss  of  7+6  eV  above  the  ionisation 

threshold.  It  resulted  consistently  shifted  by 
0. 15+0  .07  eV  toward  higher  energies  with  respect  to  the 
non  coincident  one  which  was  measured  cont.emporarel  y . 
This  result  is  in  agreement  with  the  previous 

observations  .  The  origin  for  this  shift  is 

attributed  to  PCI  because  no  shift  is  observed  in  the 
coincident  Auger  spectrum  measured  at  the  same 
scattering  angle  and  at  energy  losses  well  above 
threshold  (  about  60  e V  ).  Furtherly.thc  coincident 
spectrum  evidentiates  a  satellite  structure  in  the 
region  from  20 4  to  205  eV  which  is  present  only  in  the 
spectrum  taken  at  the  lower  energy  loss.  Clearly,  none 
of  the  mentioned  effect  could  be  explained  by  two-step 
theories . 

The  (e,e'  Auger)  angular  distribution.  The 
coincident  angular  distribution  of  the  L-jM-  -^M^,  ^(ISq) 
transition  has  been  measured  in  both  halves  of  the 
scattering  plane,  for  two  fixed  scattering  angles  (  1.5° 
and  5.5°  )  and  for  two  different  energy  losses  (  7+6 

and  60+6  eV  above  the  Ar  ?p  I.P.  ).  The  chosen 
kinematics  ensure  a  negligible  contribution  of  the 
indistinguishable  direct  (e,2e)  cross-section  .  The 
present  result  is  in  disagreement  with  B12S 

predictions.  Indeed,  both  the  measured  lobes  of  the 


Auger  distribution  are  not  symmetric  about  the 
direction  of  the  momentum  transferred  in  the  collision 
(  K  ). 

By  increasing  the  selected  energy  loss  (60  eV  above 
threshold),  though  the  energy  resolution  is  not  good 
enough  to  detect  PCI  energy  shifts,  disagreement 
between  experiment  at  1.5°  scattering  angle  and  B12S 
predictions  is  still  found.  By  increasing  the  momentum 
transfer  (  5.5°  scattering  angle  )  even  at  7  eV  above 
threshold  the  agreement  between  B12S  prediction  and 
experiment  is  fearly  good. 

The  (e,2e)  angular  distribution.  To  better 
investigate  the  Ar  2p  decay,  both  Auger  and  ejected 
electrons  should  be  measured  in  coincidence  with  the 
scattered  electron.  Coincidence  experiments  of  this 
latter  type  are  very  difficult  because  of  the  very 
small  cross-section.  Nevertheless  (e,e*  Auger)  angular 
correlations  and  (e,2e)  experiments,  whose  final  state 
is  identical  to  the  initial  state  of  the  Auger 
transition,  should  provide  mutually  complementary 
infor  -ation  on  the  ionization  process. 

The  measured  (e,2e)  angular  correlation  shows  a 
significant  departure  from  symmetry  around  direction  of 
K  for  the  kinematic  characterized  by  the  lower  values 
of  energy  loss  and  momentum  transfer.  For  values  of  the 
momentum  transfer  which  exceed  1  a.u.  both  lobes  of  the 
(e,2e)  cross-section  are  fearly  symmetric  around  the 
momentum  transfer  direction.  It  is  worth  noting  that 
the  (e,2e)  cross-section  for  He,  as  measured  at  1.5° 
scattering  angle  and  7eV  ejected  electron  energy,  does 
not  show  the  asymmetry  around  K  that  was  evident  for 
the  Ar2p  ionization  upon  identical  kinematic.  Departure 
of  the  Ar  (e,e'  Auger)  and  (e,2e)  angular  correlations 
from  symmetry  around  the  K  direction,  could  be 
abscribed  to  PCI.  Further  investigations  along  this 
line  are  under  development. 
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The  paper  is  devoted  to  the  mathematical 
background  of  the  plane  wave  semicl  ajrsical  appro¬ 
ximation  (  PWSC)  proposed  earlier  for  the  explana¬ 
tion  of  some  features  in  a  triple  differential  cross 
section  of  an  impulsive  ( e,2e)-oxperiment  *  ,  The 
main  idea  of  PWSC-model  is  to  devide  each  poten- 

V,  --  -  ez2(Z;)/. Zi  and  r  ®V/ li- I 

by  external  and  inner  parts  introducing  the  suitable 
cut  off  20  •  For  rather  big  energies  of  electrons  one 
should  expact  the  value  to  be  close  to  a  ra¬ 

dius  of  the  orbital  ionized.  Leasing  the  Coulomb 

A 

tails  of  potentials  in  the  free  Hamiltonian  H  one 

o 

Can  reduce  the  Schrodingor  equation  to  the  Faddeov 

3 

set  of  equations  for  channel  wave  functions  .  Succe- 
sive  iterations  of  these  equations  give  us  the  follow¬ 
ing  formal  expression  for  a  three  body  wave  functi¬ 
on: 

<c  £  2JP  --  <  £  £  /♦.>  ♦  <i !*•> 

Here 


rA =  i  v/*  <"  j  *  f  v‘h]  hcXz 
jc  m  yth  f  vl"  V tc 

lil  '  ViZ  Yn  •s° 


£(ty-  u -L-L-  vXvX-v^ue)'1 


( £  -  hf  ~ hto  ~  Vj  -  Vz  -  Viz  )  I’Po  > ;  o 

If  £  /  Et  to  &  1  .in  cl  pi  »  i  (Ej  2 
are  energies  of  final  electrons)  then  one  suppose* 
the  model  PWSC  to  be  valid  for  >  £0 


The  kernal  5> 

be  estimated  by  means  of  semiclassical  consider/! 

4  5 

tions  or  in  terms  of  geometrical  optics  ; 

<tt  £  lf>  ^  *  A  eyhfE / ]/j> % 


The  eikonal  /  in  (l)  has  the  right 

Coulomb  asymptotics,  and  an  amplitude  A  should  be 
calculated  along  the  classical  paths  of  electrons  in 
the  external  Coulomb  field  and  produces  the  cross 
section 

J  C 7 (9j,&z)  -  £  f  y  & (@j' A 9* ,  J 

Jt  JQfJQz  ~  L  /f  70  -  J0  - 


JtJSli  JQ-z  JpwiA 


Here  C'-  F  ~  [2(b)  -  1 A *•> 5 ] 

£&> 


tnd 


the  v  alues  of  angle  shifts  A  aro  Qivei 


tb-jL 

tet ifc'fil  LlPrfal  +  tfrPi)*1* j]  * 

The  ratio  ^eXp/^theor.  f°r  a  bia  mo&s,f 


of  Hels  data  is  presented  on  Fig.  1 
given  in  the  absolute  scale* 
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STUDIES  ON  ASYMMETRY  FOR  ELASTIC  SCATTERING  OF  SPIN-POLARISED  ELECTRONS  BY  SPIN-POLAIUSED  HYDROGEN  ATOMS 
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N' .  S .  Rao 

Physical  Research  Laboratory,  Theoretical  Physics  Area,  Navrangoura ,  Ahmedabad  380  009,  India 


In  recent  years  theorists  as  well  as  experimenta- 
2 

lists^  have  shown  interest  to  study  the  angular  distri¬ 
bution  of  asymmetry  in  scattering  of  spin-polarised 
electrons  by  spin-polarised  hydrogen  atoms  at  inter¬ 
mediate  incident  energy  region.  Few  of  the  applied 
theoretical  models*  shows  considerable  deviations  in 
the  asymmetry  A(G)  results  especially  at  small  angles. 

A  good  comparison  of  the  angular  asymmetry  is  not  only 
important  in  theoretical  and  experimental  points  of 
view  but  also  useful  to  trace  out  better  theories  and 
experiments  in  the  study  of  "Atomic  Physics".  Motivated 

to  this  and  the  encouragement  of  Bom,  Glauber  eikonal 
3.4 

series  approximations  gave  me  scope  to  improve  the 
Bom  exchange  results1  to  study  the  spin  exchange 
effects  for  ls-ls  transition  of  electron-hydrogen  inter¬ 
action.  Towards  this  improvement,  second  Bom  exchange 
amplitude  is  derived  by  incorporating  Ochkur^  approxi¬ 
mations  in  Born  approximation.  The  asymmetry  A(O) 
can  be  defined  as 


a  (  e  ) 


<T  (  1  l  )-fl~  (  t  1  ) 

<r ii  p  +  <T(  1  1)  m 


A(©)  is  calculated  at  incident  energy  E  C  300  eV. 

The  second  Bom  exchange  amplitude  is  obtained  in  the 
closed  form  for  other  elastic  process5.  The  present 

asymmetries  are  found  to  be  in  good  agreement  with  the 
1  2 

compared  theoretical  and  experimental  results. 

Present  results  at  E  =  100  eV  are  shown  in  figure  1. 

As  shown  in  the  figure  1 ,  the  shape  of  the  present 
curve  is  nearer  to  the  shape  of  adiabatic  and  optical 
model  curves  and  better  than  the  earlier  Rorn  results. 

Finally  I  conclude  that  the  present  procedure  is 
simpler  and  better  than  the  earlier1  Bom  exchange  and 
static  exchange  results. 

N.S.R.  is  thankful  to  Physical  Research  Laboratory, 
Ahmedabad,  India,  for  the  award  of  a  Post-Doctoral 
Fellowship. 


FIG  -1  *«100  eV# 


scattering  angle 


References 


1.  M.R.C.  McDowell  et  al . ,  J.  Phys.  B:  17,  3951  (1984). 

2.  r,.D.  Fletcher  et  al.,  Phys.  Rev.  Lett.  48,  1671 
(1982) 

3.  N.S.  Rao  and  H.S.  Desai,  Cur-.  Sci.  53,  1271  (1984). 

4.  N.S.  Rao  and  II. S.  Desai,  Ind.  J.  of  Pure  and  Appl. 
Phys.  21_,  159  (1983). 

5.  N.S.  Rao  and  H.S.  Desai,  Ind.  J.  of  Pure  and  Appl. 
Phys.  (communicated)  (1984). 

6.  V.I.  Ochkur,  Zh.  Eksp.  Teor.  Fil.  45,  734  (1963). 


VV-'a'a' 
»  .  •  ^  •  * '  .  ■ 
.  »  w  -  •  - 

*  -  “  «  •*  .  " 

•p.-yv.-r-* 


I'M,. 


V  * 

tm  j 


■  A  A  A  A 

av'a'a' 

a  Va  A' 


vw; 

a'a'a'a" 


ASYMMETRY  IN  INELASTIC  SCATTERING  OF  SPIN  POLARISED  ELECTRON  WITH 
SPIN  POLARISED  HYDROGEN  ATOM 

Mini  Kapoor,  S.  Saxena  and  K.C.  Mathur 
Department  of  Physics,  University  of  Roorkee , Roork.ee  247607, India 


The  asymmetry  parameter  A  in  the  scattering  of  spin 
polarised  electron  with  spin  polarised  target  depends 
mainly  on  the  exchange  contribution  to  the  scattering 
process.  It's  measurement  therefore  provides  a  sensitive 
test  to  the  various  theoretical  methods  of  obtaining 
the  exchange  scattering  amplitude. 

We  report  here  the  angular  distribution  of  the 
asymmetry  for  the  ls-2s  transition  in  the  scattering 
of  spin  polarised  electrons  with  spin  polarised  hydrogen 
atom  using  a  two  potential  localised  exchange  approach. 
The  asymmetry  parameter  A  is  defined  as 

O(t-)  -o(tt) 
a{t*)  +0(+t) 

where  o ( t ♦ )  and  o(tt)  are  the  differential  cross 
sections  for  spin  antiparallel  and  spin  parallel  sca¬ 
ttering  respectively. 

To  obtain  these  cross-sections  j  we  use  a  two 
potential  approach. 

The  T  matrix  (including  exchange )in  the  two  poten¬ 
tial  approach  for  electron  hydrogen  inelastic  scattering 
is  given  (to  the  first  order)  by 

T+  ’  TD  t  tE 

with 

Td  •<  Xf  (r2>vf  ("V  lwIXi<r2)vl(r1)  > 
and  Te  =■  '  lwlxtc?x>viC?a»  > 

The  interaction  potential  V  =  U  W  . 

The  distorted  waves  v  are  the  solutions  of  equation 
•n 

'  H  +  U  lx  =  E  x 
o  n  ■*  n  n 

For  the  distorting  potential  we  take  the  static 
plus  polarisation  potential  in  the  respective  channel. 

To  evaluate  the  exchange  amplitude  we  use  the  local 
approximation,  and  also  the  Ockhur-Bonham  approxima¬ 
tion. 

The  results  for  54.4  eV  energy  are  presented 
along  with  the  recent  calculations  of  McDowell  et  al*. 
Good  agreement  is  noted  between  the  present  two  poten¬ 
tial  localised  exchange  approximation  calculation  and 
the  ten  state  close  coupling  local  exchange  calculation. 

Reference 
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FIG.  1 

Figure  Is  Asymmetry  A  in  the  1S-2S  excitation  of  spin 
polarised  hydrogen  atom  by  spin  polarised 

electron  of  54.4eV  energy. _ .Present 

calculation  using  local  exchange (curve 

TPLE)  : _ :  Present  calculation  using 

Ochkur-Bonham  exchange  (curve  TPOE) : 
Calculation  in  the  Born-approximation  with 
Ochkur-Bonham  exchange  (curve  30E) : 
ten-state  close  coupling  calculation  with 
local  exchange  of  McDowell  et  al(1984) 

(curve  10  CCLE)  .  ___  _ :Six-state  close 

coupling  with  exchange  calculation  of  rdmunds 

et  al  ^  ( 1983)  (curve  6  CCE)  _  __ _ 

Three  state  close  coupling  calculation  with 
second  order  optical  potential  of  McDowell 
et  al  (1984)  (curve  CCSOP) . 
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THE  THREE-BODY  INTERACTION  WITH  LONG-RANGE  FORCES:  SPIN-DEPENDENT 
ELECTRON  HYDROGEN  COLLISIONS 

A.  Vaailakis,  M.S.  Lubell,  K.  Rubin,  and  F.C.  Tang 
Department  of  Physics,  City  College  of  CUNY,  New  York,  NY  10031.  USA 
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M.  Eminyan 
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In  order  to  investigate  the  properties  of  the  three- 
body  interaction  with  long  range  forces,  we  have 
developed  an  experimental  program  to  study  collisions 
between  electrons  and  hydrogen  atoms.  It  is  well  known 
that  the  three  body  problem  cannot  be  solved  exactly, 
and  in  the  case  of  electron-hydrogen  scattering  a 
further  complication  is  introduced  by  the  symmetry 
properties  that  must  be  satisfied  for  a  system  containing 
two  identical  fermions.  Unlike  its  nuclear  analog, 
proton-deuteron  scattering,  the  electron-hydrogen 
problem  nu3t  contend  with  the  infinite  number  of  bound 
states  that  are  supported  by  the  Coulomb  potential. 
Experience1"**  has  3hown  that  extensive,  detailed 
measurements  are  thus  required  to  assist  the  development 
of  reliable,  predictive  calculational  techniques. 

Our  experiment  utilizes  3pin-polarized  beams  to  tag 
the  electrons,  thereby  permitting  scattering  amplitudes 
to  be  probed  in  a  more  fundamental  manner  than  is 
ordinarily  possible.  Our  polarized  electron  source  13 
based  upon  ohotoemisslon  from  GaAs*  and  produces 
currents  up  to  approximately  0.6  uA  with  the  use  of  0.35 
mW  of  power  from  a  GaAlAs  diode  laser  operating  at  707 
nm.  Based  upon  the  maximum  laser  power  of  1  raw  at  our 
disposal  we  anticipate  maximum  source  currents  of  at 
least  1.5  uA.  Although  we  have  not  yet  measured  the 
polarization  of  the  electrons,  prior  experience5  suggests 
a  value  of  approximately  D.4.  (We  will  measure  the 
polarization  in  the  near  future  by  means  of  Mott 
scattering.) 

In  order  to  allow  us  to  observe  narrow  energy 
structures  in  our  experiment,  we  have  incorporated  a 
hemispherical  electron  monochromator  with  an  ultimate 
designed  full-width-half-maximum  energy  resolution  of  30 
meV.  For  observation  of  the  scattered  electrons  we  have 
constructed  a  matched  hemispherical  energy-loss 
spectrometer  which  is  adjustable  over  a  range  of  20°  to 
105°  in  scattering  angle.  We  have  also  included  in  our 
apparatus  a  proton  detector  for  ionization  measurements 
and  a  Lyman-alpha  detector  for  2P  excitation,  the  latter 
to  be  carried  out  as  an  electron-photon  coincidence 
experiment. 

Our  polarized  hydrogen  beam  utilizes  rf 
dissociation*  and  hlgh-field  state  selection  in  a  hexapole 


magnet.7  Since  we  do  not  effect  any  hyperfine  state 
selection,  our  low-field  electronic  polarization  in  the 
interaction  region  of  the  experiment  is  0.5.  The 
hydrogen  beam  line  contains  a  Stern-Gerlach  device  and  a 
quadrupole  mass  analyzer  for  polarimetry  and 
dissociation  measurements. 

In  carrying  out  our  experimental  measurements  we 
determine  the  cross-section  asymmetry  for  incident  and 
target  electron  spins  antiparallel  and  parallel.  At  the 
present  time  we  have  begun  data  taking  in  the  ionization 
threshold  region.  We  will  report  on  these  measurements 
as  well  as  other  ionization  measurements. 

Research  supported  by  U.S.  NSF,  U.K.  SERC,  and  NATO. 
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SPIN-DEPENDENT  ELECTRON  SCATTERING  PHASE  SHIFTS  IN  ATOMIC  HYDROGEN 


J  F  Williams 

Department  of  Physics,  University  of  Western  Australia,  Nedlands,  WA,  6009 


Differential  elastic  cross  sections  for  atomic 
hydrogen  have  been  measured  for  the  scattering  of 
electrons  of  energies  from  9.300  to  10.300  eV  over  the 
angular  range  10°  to  150°  with  good  (3  to  8  meV)  energy 
resolution.  Resonance  structures  associated  with  the 
(2s2) ' S  (9.557  eV),  2s2p)3P  (9.735  eV) ,  (2pz)'D 
(10.129  eV)  and  possibly  the(2s2p)*P  (10.170  eV)  have 
been  observed. 

The  effect  of  a  resonance  of  width  *'  on  the 
differential  cross  section,  I(E,  )  as  a  function  of 
energy  E  is  given  by 


Ia(E,_)  + 


where  I  (E,~)  is  the  cross  section  at  the  resonance 
minimum,  I.  (E,  :*)  is  the  amplitude  of  the  resonance  cross 
section.  The  total  phase  • is  equal  to  the  back¬ 
ground  phase  plus  the  resonant  phase  where 

=  cot  1(-c)  and  »  (E-Er)/0.5r.  Since  the 
resonance  occurs  in  only  one  partial  wave  and 
varies  by  n  rad.  over  the  width  7,  a  measurement  of  the 
resonance  profile  at  various  scattering  angles  enables 
phase  shifts  to  be  determined.  Absolute  scattering 
cross  sections  are  then  calculated. 

This  method  is  rigorous  for  resonances  occurring 
below  the  first  inelastic  channel.  Since  resonances 
occur  in  both  the  singlet  and  triplet  partial  waves, 
which  are  non-coherent ,  the  analysis  permits  the 
determination  of  both  the  singlet  and  triplet  phases; 
that  is  spin-dependent  data  has  been  obtained  without 
the  use  of  either  source  or  detector  of  electron  spin 
polarization.  The  following  table  compares  the 
measured  phases  with  the  expected  best  theoretical 
values  for  k  ■  0.800  a.u.  (E  -  8.7  eV) . 


Singlet  Triplet 


n-.pt. 

Theory 

Expt . 

Theory 

0 

0.911 

0.886 

1.630 

1.643 

1 

0.002 

-0.004 

0.468 

0.428 

2 

0.071 

0.073 

0.039 

0.068 

The  theoretical  values  are  obtained  from  variational 
calculations  by  Schwartz  for  =0,  by  Armstead  for  =! 
and  by  Gail it  is  for  =2. 

The  measured  values  of  the  energy  and  widths  of 
the  two  lowest  resonant  states  are  consistent  within 
experimental  accuracy  with  previous  data  by  McGowan  et 
al  (1965)*  and  Williams  (1973)".  The  present  work  has 
better  precision  for  all  measured  resonances  and  for 
subsequent  determination  of  the  background  phases. 

1.  J.W.  McGowan,  E.M.  Clarke  and  L.C.  Curley,  Phys. 
Rev.  Lett  J_3»  917  (1963) 

2.  J.F.  Williams  in  "Electron  and  Photon  Interactions 
with  Atoms"  (ed.  H.  Kleinpoppen  and  M.R.C. 
McDowell,  Plenum  Press)  309  (1976) 


SPIN  DEPENDENCE  IN  ELECTRON  COLLISIONS  WITH  SODIUM 

P.J.O.  Teubner,  J.L.  Riley  and  M.J.  Brunger 

Institute  for  Atomic  Studies,  The  Flinders  University  of  South  Australia, 
Bedford  Park,  South  Australia  5042,  Australia 


The  excitation  of  the  3ZP  state  in  sodium  has  been 
studied  in  a  series  of  electron  photon  coincidence 
experiments  at  energies  of  12.1eV,  22.1eV,  54.4eV  and 
lOOeV.  The  polarisation  of  the  photons  emitted  both 
normal  to  and  in  the  scattering  plane  has  been  analysed 
before  the  photons  are  detected  in  coincidence  with  the 
electrons  which  excited  the  state. 

For  radiation  emitted  normal  to  the  scattering 
plane,  three  components  Pj.P,  and  P^  of  the  Stokes 
vector  can  be  defined.  P^  and  P.,  represent  the  linear 
exponents  of  the  polarisation  and  P^  the  circular 
component.  The  total  polarisation  !p{  is  given  by 

:pi  =  [p| .  p22  ♦  p-’i1 

It  has  been  shown  that  the  condition  |p|  *  1 
implies  coherence  of  the  excitation  process1  and  the 
decay  of  the  state.  In  the  case  of  the  32P  state  of 
sodium  the  significant  fine  and  hyperfine  structure 
results  in  depolarisation  of  the  decay  radiation. 

Thus  !P !j*1  in  this  case  which  has  confirmed  our 
measurements.  The  influence  of  the  FS  and  HFS  can  be 
accounted  for  by  invoking  the  Percival -Seaton  hypothesis2 
and  by  factorising  out  the  terms  arising  from  the 
structure  of  the  excited  state.  This  yields  the 
reduced  polarisation3,  |p|,  which  is  a  measure  of  the 
polarisation  which  would  have  arisen  immediately  after 
the  collision  and  before  the  excited  state  relaxes  into 
its  HFS  levels.  Thus  for  this  state  in  sodium  the 
condition  for  coherence  is  jP1,  =  1. 

In  the  excitation  of  doublet  states,  it  can  be 
shown  that  !pj  =  1  applies  only  if  exchange  scattering 
processes  can  be  ignored3.  Therefore  the  measurement 
of  |p’  can  provide  information  on  spin  dependent 
processes  in  this  case  even  if  unpolarised  electrons 
are  used  to  excite  the  state. 

A  series  of  measurements  has  been  carried  out  at 
forward  angles  at  the  above  energies  and  it  is  found 
that  jpj  *  1  in  each  case.  Thus  we  conclude  that 
exchange  scattering  can  be  ignored  for  the  electron 
impact  excitation  of  the  3?P  state  at  forward  angles 
at  these  energies. 

For  radiation  emitted  in  the  scattering  plane,  a 
linear  component  of  the  Stokes  vector  P^  can  be  defined. 
In  this  case  P4  is  given  by 

P  .ly---'1 

4  '  >n  *  L 


the  other  linear  component,  P_,  and  the  circular 
component,  ,  are  zero  if  unpolarised  electrons  arc 


The  in  plane  component  can  be  combined  with  the 

out  of  plane  component  Pj  to  derive  the  spin  flip  cross 

section  which  is  defined  in  the  natural  coordinate  frame 

of  Hermann  and  Hertel*.  Measurements  of  P.  for 

4 

electrons  scattered  through  5°  at  incident  energies  of 
22.!eV,  S4.4eV  and  lOOeV  show  that  the  spin  flip  cross 


section  is  zero. 


These  results  are  consistent  with 


those  obtained  from  the  reduced  polarisation 
measurement  s . 
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SCATTERING  PARAMETERS  FROM  ELECTRON -POLARISED  PHOTON  COINCIDENCE  EXPERIMENTS  IN  SODIUM 


J.L.  Riley  and  P.J.O.  Teubner 

School  of  Physical  Sciences,  The  Flinders  University  of  South  Australia 
Bedford  Park,  South  Australia  5042,  Australia 


An  electron-photon  coincident  technique  has  been 
used  to  measure  three  components  of  the  polarisation 
of  the  photons  emitted  in  the  decay  of  the  .V  P  state 
in  sodium  at  various  incident  energies.  The 
polarisation  state  of  the  photon  was  determined  before 
being  detected  m  delayed  coincidence  with  the 
inelast ical ly  scattered  electron.  An  analysis  using 
the  reduced  degree  of  polarisation,  P  1  shows  that 
this  excitation  is  coherent  at  each  incident  energy 
tested  and  hen. e  a  measurement  of  the  components 
P.,P,  and  P,  normal  to  the  scattering  plane  provides 
.*11  of  the  informaTi  >n  about  the  collision*. 

from  these  measurements  both  the  parameters  * 
and  also  the  absolute  value  of  .  can  be  determined. 
More  useful  mform.it  ion  can  however  be  gained  about 
the  collision  if  tht  .Jot a  is  represented  in  the 
natural  .o>rdinatt  trine  >f  Hermann  a  Hortel’.  In 
this  represent  at  i  or;  tht  quantisation  axis  is  chosen 
to  be  parallel  to  the  direction  of  the  emitted  photon, 
that  is  normal  to  the  scattering  plane.  Phis  choice 
of  coordinate  frame  offers  greater  physical  insight 


into  the  dynamics  >f  the  collision  j<  *e]  1  as 
minimis;  g  the  unnecessary  accumulation  of 
experimental  uncertain! tes . 

rhe  relationships  between  the  density  matrix 
elements  in  the  natural  frame  and  the  polarisation 
components  for  the  5'P  state  in  sodium  are: 
nat 


Pj  =  -0.2819  Re 


-l  1 


P., 


-0.2819  Im 


nat 

-11 


P3  =  -0 . 5574  (."** 


•  i-r 


rhe  matrix  element  has  been  shown  to  v'ual  zero 

oo 

over  rhe  kinematic  region  tested*4.  The  density 
matrix  elements  .  ^  are  therefore  completely 
determine.!  by  a  measurement  of  the  three  polarisation 

components  p^,p,  and  P,. 

Data  v%  1 1 1  be  presented  at  incident  energies  of 
54.W-V,  J2.1e\  and  12.1cV  for  scattering  angles  <  15°. 
The  data  is  represented  in  terms  of  both  the  natural 
coordinate  frame  density  matrix  elements  and  also  the 
more  commonly  used  scattering  parameters  '  and  » . 

In  this  case  the  errors  accumulated  in  the  natural 
frame  are  significantly  less  than  those  in  the 
collision  frame.  Thus  a  more  meaningful  comparison 
can  be  made  with  avaiMble  theories. 


rhe  data  is  compared  to  the  predictions  of  a  Born 
approximation,  a  distorted  wave  polarised  orbital 
approximat ion6 ,  a  2-state  close  coupling  approximation6 
and  a  4 -state  close  coupling  approximation7.  The 
Jata  at  22.leV  and  12.1eV  will  also  be  compared  to  that 
obtained  by  Hermann  et  al“  from  the  laser  excited  atom 
experiment*.  These  experiments  arc  the  time  reverse 
of  the  present  experiments  and  so  should  provide  the 
same  information  about  the  dynamics  of  the  collision. 
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ELECTRON-ATOM  COLLISION  STUDIES  USING  OPTICALLY  STATE  SELECTED 
BEAMS:  SUPERELASTIC  SCATTERING* 

J.  J.  McClelland,  M.  H.  Kelley,  and  R.  J.  Celotta 
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National  Bureau 
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As  part  of  an  experimental  program1  to  study  spin 
dependent  effects2’3  in  low  energy  collisions  between 
electrons  and  atoms,  we  have  measured  angle  resolved 
spin  asymmetries  for  superelastic  scattering  from  the 
Na  3PJ/2  state. 

The  apparatus  consists  of  crossed  beams  of  spin 
polarized  electrons  and  spin  polarized  atoms  with  an 
energy  selective  detector  for  electrons  scattered 
through  some  angle.  A  negative  electron  affinity  GaAs 
photocathode,  illuminated  with  circularly  polarized 
light,  is  used  as  the  source  of  spin  polarized 
electrons.  At  the  interaction  volume,  the  electron 
beam  has  a  diameter  of  2mm  with  a  divergence  of  ±2°  and 
can  he  varied  in  energy  from  2  to  4UeV  with  a  typical 
energy  resolution  of  less  than  lBUmeV  and  a  typical 
current  of  luA.  The  atomic  sodium  beam,  collimated  to 
zlOmrad  from  an  effusive  source,  has  a  diameter  of  Smm 
and  a  density  of  109-10locm"3.  The  atoms  are  prepared 
by  laser  optical  pumping  via  the  3Sl/2(F=2)  to 
3p3/2(F=3)  transition.  By  locati ng  t he  opt i cal  pumping 
upstream  from  the  interaction  volume,  one  produces 
ground  state  atoms  with  a  net  electron  spin 
polarization  of  0.609  t  O.OIB.1*  With  the  laser 
illuminating  the  interaction  volume,  one  has 
additionally  a  large  population  of  excited  atoms  in  an 
oriented  3P3/2  state  with  spin  polarization  near  unity. 
Collision  studies  of  either  ground  state  or  first 
excited  state  targets  are  therefore  possible. 


ics  Division 
of  Standards 
MO  20899 


The  electron  detector  is  a  channel  electron 
multiplier  with  retarding  field  analysis  of  the 
scattered  electron's  energy  to  distinguish  between 
i  nelastical ly  ,  elastically,  and  superel ast  i  cal  ly 
scattered  electrons.  The  detector  can  be  rotated 
through  the  angular  range  -100°  to  +160°  and  has  an 
angular  resolution  of  about  *2°.  The  apparatus  is  thus 
capable  of  very  general  studies  of  spin  dependent 
differential  scattering  cross  sections  for  elastic, 
inelastic,  and  superelastic  collisions. 

Our  measurements  to  date  have  focused  on  spin 
dependent  effects  in  superelastic  scattering  of 
electrons  from  excited  3PJ/2  sodium  atoms  in  the 
angular  range  10°-30°  at  incident  energies  of  6  to 
20eV. 

*Worlc  supported  in  part  by  U.S.  Department  of  Energy, 
Office  of  Basic  Energy  Sciences,  Division  of  Chemical 
Science. 
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SPIN  POLARIZATION  AND  ANGULAR  DISTRIBUTION  OF  MNN  AUGER  ELECTRONS  FROM  KRYPTON  AND  XENON 

U.  Hahn,  J.  Semke,  J.  Kessler,  H.  Merz 
Physikal isches  Institut  der  WWU  Munster,  Domagkstr.  75,  D-4400  Munster 


m? 


Auger  emission  can  often  be  described  in  a  two-step- 
model":  in  the  first  step  the  atom  is  ionized  in  an 
inner  shell;  in  the  second  step  the  excited  ion  decays 
emitting  the  Auger  electron. 

The  angular  distribution  of  the  Auger  electrons  will  be 
anisotropic  if  an  "alignment"  is  induced  in  the  colli¬ 
sion  step  /!/. 


In  the  case  of  unpolarized  projectiles  and  targets 
symmetry  requires  the  spin  polarization  to  be  normal  to 
the  reaction  plane  spanned  by  the  incoming  projectile 
and  the  outgoing  Auger  electron.  According  to  the  two 
step  model  the  initial  hole  must  be  aligned  to  transfer 
the  direction  of  the  projectile  in  the  emission  process: 


?(V)  =  "  (k:2/*AkOPV  ))/(\:2/kAkOPk(;)) 


k  *  2J ;  J:  angular  momentum  of  the  initial  hole 
A^:  alignment  tensor  component 
:  anisotropy  parameter 


The  polarization  parameters  ,:R  are  a  product  of  kine 
matic-  and  interference  terms  between  the  emission 
matrix  elements  of  the  different  channels. 


Note  that  ii.  (LS ^-approximation  one  must  take  into 
account  / 3/ : 

-  the  final  ionic  state  may  not  be  a  singulet 

-  the  average  polarisation  of  a  muitiplet  is  zero 

The  angular  distribution  of  the  Auger  electrons  in 
such  a  non-coincidence  experiment  is  given  by  / 2/ : 

l{  )  "  (1+k'=2,4  lkAkOPk(cos  ■» 

Generally  the  ^  contain  the  emission  matrix  elements; 
in  the  single  channel  case  they  depend  on  kinematics 
only. 


Therefore  the  program  to  study  the  emission  step  separa¬ 
tely  is: 

-  Determination  of  the  alignment  of  the  initial  hole 
state  from  the  anisotropy  of  a  'sQ-line 

-  Measurement  of  the  spin  polarization  of  a  different 
line  where  the  polarization  may  be  non-zero 

-  Measurement  of  the  anisotropy  of  the  same  line 

From  these  experimental  data  the  parameters  <k  and  .  k 
can  be  evaluated. 


The  measurements  were  performed  in  a  crossed-beam  ar¬ 
rangement,  the  atoms  emergi'  g  from  a  jet  are  ionised 
by  an  electron  beam  of  an  rotatable  electron  gun.  The 
Auger  lines  are  separated  by  a  CMA  analyser  (resolution: 

2-10  3).  The  spin  polarization  is  measured  via  Mott 
scattering  /5/. 


In  this  first  measurement  we  investigated  the  following 
noble  gas  Auger  lines  with  electrons  as  projectiles: 
Krypton  M4N,N2>3  (3P2) 


M5N1N2 ,3 


Xenon  M5N4>5N4i5 


(%) 

(3p2,3> 


The  evaluation  of  the  polarization  and  anisotropy  mea¬ 
surement  yielded  the  following  results  for  the  polariza¬ 
tion  parameter  ^2  and  the  ansisotropy  parameter 


Krypton  Ep  =  1,5  keV 


M5N1N2  ,3 


W2,3 


-0.10  •  0.06 


(0.19  •  0.11) 


(0.10  0.06)  -0.19  ■  0.11 


1  .74  -  0.83 


1.79  •  1.03 


1.96  0-66 


1.80  1.04 


Xenon  Ep  =  1 ,5  keV 


MCN.  CN.  , 
5  4,5  4,5 


0.017  •  0.028 
-0.017  -  0.028 


0.42  -  0.12 


0.43  •  0  .12 


The  errors  include  the  statistical  errors  and  the  un¬ 
certainty  of  the  alignment.  The  values  in  parenthesis 
are  concluded  from  (LS )J-approximation. 
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IMPACT  EXCITATION  OF  POTASSIUMAND  CESIUM  BY  POLARIZED  ELECTRONS 
P.  Nafl,  N.  Ludwig,  B.  Reichert 
Institut  fur  Physik,  Mainz,  Germany 


In  this  work  the  (np)-excitation  of  an  unpoiari2ed 
potassium  (n-4)  and  cesium  (n_6)-ta.get  by  a  longitudinally 
polarized  electron-beam  is  studied.  The  quantity  observed 
is  the  circular  polarization  of  the  (np-  ns)- radiation 
emitted  in  forward  direction,  which  gives  a  measure  of 
exchange  scattering  in  the  collision  process1, 2, 3, 4,5 


Fig.  2.  shows  similar  data  for  the  circular  pola- 
2  2 

nzation  of  the  (6  p^/2  '  6  S^g)  Cs- resonance  light 

produced  by  impact  with  polarized  electrons.  The  magnitude 
of  light  polarization  observed  just  above  threshold  is  in 
fairly  good  agreement  with  R-matnx  calculations  of 
Nagy  et  a  I ^ ,  /f . 


In  Fig.  1  the  observed  polarization  of  the 
2  2 

(4  P^2“  4  $1/2^  -  resonance  light  as  a  function  of 

collision  energy  is  shown.  Values  calculated  with  data  given 

3 

by  Moores  are  indicated.  The  agreement  between  theory 
and  experiment  is  good  for  energies  above  2.2  eV.  The  deep 
and  narrow  minimum  in  the  theoretical  data  |ust  above 
threshold  is  not  observed  in  the  experiment.  May  be  the 
experimental  energy  resolution  of  our  apparatus  is  not 
sufficient  to  resolve  this  structure. 

CISOLI*  PQLWISRTIW  OF  DC  7».J  M  HEBKEUfllT 


2 

Fig.  1.  Circular  polarization  Pr  of  (4  •  4  5^) 

K-resonance  light  as  a  function  of  collision  energy. 
The  dashed  line,  connecting  the  theoretical  data 

3 

of  Moores  ,  are  drawn  to  guide  the  eyes. 

Pg.  electron  polarization. 
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2  2 

Fig.  2.  Circular  polarization  Pr  of  (6  P ^  6  S1/2^’ 

Cs-resonance  light  as  a  function  of  collision  energy. 
P^:  electron  polarization. 
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POLARIZATION  OF  ATOMIC  LINE  RADIATION  AFTER  IMPACT  EXCITATION  BY  POLARIZED  ELECTRONS 
J.  Goeke,  G.  F.  Hanne,  J.  Kessler,  M.  Tushaus,  and  A.  Wolcke 
Physikal isches  Institut  University  of  Munster,  D-4400  Munster,  West-Germany 


INTRODUCTION 

For  studying  spin-dependent  interactions  in 
low  energy  electron-atom  scattering  the  polariza¬ 
tion  of  the  emitted  line  radiation  has  been  ana¬ 
lyzed  after  excitation  by  polarized  electrons. 

The  excitation  may  be  spin-dependent  by  the  spin- 
orbit-interaction  and  by  the  exchange- inter¬ 
action.  As  a  result  polarization  components 
(Stokes-parameters)  are  obtained  which  only 
depend  on  the  primary  electron  polarization. 

These  experiments  have  stimulated  numerical 
calculations1  in  which  the  R-matrix  close-coup¬ 
ling  method  (including  relativistic  terms)  is 
used  to  calculate  the  parameters  which  we 
measured.  We  will  report  on  two  different 
experiments  with  mercury  as  the  target: 


ELECTRON-PHOTON-COINCIDENCE  EXPERIMENT 


^2 


ENERGY  (eV) 

Fig.  1.  Measured  Stokes-parameters  1,/Py  and 

n^/Py  (see  text)  versus  electron  energy. 
Solid  line:  numerical  calculations  of 
reference  1. 


The  three  Stokes-parameters  ( i^/P  ■  n  2^py  • 
and  Hj)  have  been  measured  for  light  emitted  in 
the  direction  of  the  electron  polarization.  The 
photons  are  detected  in  coincidence  with  the 
electrons  scattered  in  the  forward  direction 
after  excitation  of  the  Hg  6  ^P^-state. 

The  Stokes-parameters  are  defined  as 
follows:  n,/Py=(  I  (45°)-I  ( 135°,0/I .  n  2/Py=(  I  (  °+)- 
I(°'))/I,  and  n3=( I (0°)-I (90°) )/I .  1(a)  denotes 
the  intensity  of  light  transmitted  by  a  linear 
polarization  filter  which  is  inclined  to  the 
electron  beam-axis  by  an  angle  «;  n ^/Py  is  the 
circular  polarization,  I  the  total  intensity  and 
Py  is  the  transverse  polarization  of  the  incident 
electron  beam. 

Only  two  complex  scattering  amplitudes  are 
sufficient  for  a  complete  description  of  the 
excitation  process  studied.  (With  other  electron 
scattering  angles  up  to  six  different  amplitudes 
may  arise).  Since  we  have  three  independent 
measurements ,  the  relative  phase  as  well  as  the 
ratio  of  the  moduli  of  the  two  amplitudes  can  be 
extracted  from  the  results  (see  figure  1.). 


INTEGRATED  STOKES-PARAMETERS 

The  polarization  of  line  radiation  measured 
in  a  non-coincidence  experiment  is  spin-dependent 
as  well.  We  measured  the  Stokes-parameters  of 
several  mercury  transitions.  Such  experiments 
have  been  discussed  in  the  literature  for  a  cali¬ 
bration-free  optical  detector  of  free  electron 
2 

polarization  .  Because  of  many  resonance 
states  of  the  Hg'-ion  and  the  influence  of  the 
hyperf ine-interaction  this  type  of  detector 
cannot  be  used  without  any  calibration  procedure. 
On  the  other  hand  these  results  have  been  very 
helpful  for  the  classification  of  resonance 

3 

states  of  the  Hg  -ion  . 
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SPIN  EFFECTS  BY  ORIENTATION  AND  EXCHANGE  IN  ELASTIC  ELECTRON  COLLISIONS  WITH  HEAVY  ATOMS 

H.Geesmann,  G.F.Hanne,  F.Kaussen  and  J. Kessler 
Physikalisches  Institut  der  Universitat  Munster,  D4400  Munster,  W. Germany 


We  report  on  a  double  scattering  experiment 
where  unpolarised  electrons  are  scattered  on 
unpolarised  heavy  atoms  and  the  spin  polarisation 
of  elastically  scattered  electrons  is  analysed  by 
Mott  scattering.  The  purpose  of  the  present  in¬ 
vestigation  is  to  study  the  differences  in  the 
polarisation  effects  when  targets  with  different 
angular  momenta  are  used.  We  compare  scattering 


of  electrons  with  Hg  (6s 


’s,,).  T1  (6s26p  2P. 


and  Pb  (Gsop*1  JPg)  at  low  collision  energies  of 
1 ... .20  eV. 

If  target  atoms  have  nonzero  orbital  angular 
momentum  (  like  T1  and  Pb  )  this  can  be  oriented 
by  electron  impact  /I/  as  shown  in  a  semiclassi- 
ca  1  picture  in  f ig.  1 . 

If  the  fine  structure  interaction  is  sufficiently 
large  the  atoms  will  be  found  after  elastic  scattering 
in  their  ground  state  with  well  defined  total  angular 
momentum  quantumnumber  J.  This  means  however  that  the 
atomic  spin  is  also  oriented  after  elastic  collision  as 
is  shown  in  fig.  2  for  a  "one-electron-atom"  like  Tl. 
The  ground  state  of  Tl  has  J=1/2  and  is  separated  from 
the  (  excited  )  state  with  0=3/2  by  approximately  1  eV. 

This  spin  orientation  of  the  atoms  might  influence 
the  polarisation  of  the  scattered  electrons  if  exchange 
collisions  are  involved  III.  Figure  2a  e.g.  demon¬ 
strates  that  spin  down  electrons  are  preferred  to  be 
built  in  the  atom  by  exchange  collision  since  spin  up 
electrons  cannot  form  a  J= 1 /2  state.  Thus  the  differen¬ 
tial  cross  section  for  spin  up  and  spin  down  electrons 
are  different  when  exchange  is  important.  This  leads  to 
polarisation  phenomena  like  in  Mott  scattering  but  the 
mechanism  for  producing  them  are  very  different.  In  Mott 
scattering  the  spin  polarisation  is  caused  by  the  spin 
orbit  interaction  of  the  continuum  electron  with  the 
nucleus.  Instead,  the  effect  just  discussed  results  from 
an  L-orientation  of  the  atomic  electrons  which  is  trans¬ 
ferred  to  the  spins  of  the  scattered  electrons  by  the 
atomic  fine  structure  interaction  and  exchange. 

In  order  to  investigate  these  different  processes,  we 
measure  the  polarisation  of  elastically  scattered  elec¬ 
trons  for  Hg,  Tl  and  Pb.  The  Hg  atoms  have  zero  spin 
and  orbital  angular  momentum  and  can  only  show  Mott 
scattering  effects,  whereas  Tl  and  Pb  can  also  produce 


spin  effects  by  orientation  and  exchange.  It  is  expec¬ 
ted  that  the  sequence  of  target  atoms  with  Z  =  80.  81, 
82  (  Hg,  Tl,  Pb  1  shows  very  similar  behavior  with 
respect  to  Mott  scattering,  but  differences  with  res¬ 
pect  the  other  effect  when  exchange  collisions  are 
involved. 

First  theoretical  results  are  now  available  by  a  R- 
matrix  calculation  of  the  Belfast  group  /3/. 


Figure  1.  Semiclassical  model  of  orientation 
by  collision.  (a)  Orientation  in  the  scattering 
plane  caused  by  a  grazing  collision,  (b)  Orienta¬ 
tion  described  by  the  vector  model. 


(Q)  (b) 


Figure  2.  Semiclassical  vector  model  for  L  =  1  and 
S=1/2.  (a)  Total  angular  momentum  J= 1 / 2 :  Only  spin  vec¬ 

tors  S  antiparallel  to  the  given  orbital  angular  momen¬ 
tum  vector  L  can  form  a  J=1/2  state. 

(b)  Same  for  0=3/2 ,  illustrating  that  only  spin  vectors 
S  parallel  to  the  given  L  can  form  a  J=3/2  state. 
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ASYMMETRY  OF  POLARIZED  ELECTRONS  SCATTERED  INELASTIC  ALLY  FROM  MERCURY  ATOMS 

H.Borgmann,  J.Goeke,  G.F.Hanne,  C.Holscher,  J.KessIer  and  A.Wolcke 
Physikalisches  Inst  it  ut,  Universitat  Munster,  DomagkstraBe  75,  D-4400  Munster,  W. -Germany 


The  elect  run  impact  excitation  of  heavy  atoms  is 
strongly  influenced  by  various  spin -dependent 
interactions  (spin-orbit  interaction,  fine-structure 
interaction,  exchange).  For  studying  these  interactions 
we  measured  the  asymmetry  of  polarized  electrons 
scattered  inellastically  from  mercury  atoms  for 
collision  energies  from  the  excitation  threshold  up  to 
50eV.  The  excitation  of  various  target  states  (Hg 
6  Pj,  and  6*P^)  has  been  studied  by  measuring 

the  angular  distribution  of  asymmetry. 

A  scheme  of  the  apparatus  is  schown  in  figure  1. 

The  vector  of  the  spin  polarization  of  an  electron 
beam  which  results  from  a  GaAsP  photocathode 
(illuminated  with  circulary  polarized  light)  is  rotated 
by  magnetic  coils  to  be  perpendicular  to  the 
scattering  plane  which  is  defined  by  two  electron 
detectors.  From  the  number  of  electrons  scattered  to 
the  let t  (Nj)  and  right  (Nf)  the  scattering  asymmetry 
A  =.  (Nj-NT)/(Nj>Nf)  =  SA(0)  P  is  calculated.  As  an 
example  of  our  measurements  the  asymmetry  function 

S.  is  plotted  as  a  function  of  the  scattering  angle  0 

™  3  3 

in  figure  2a, b  for  excitation  of  the  6  Pj  and  6  P^ 

states  of  Hg  for  a  collison  energie  of  7.5eV.  The 

opposite  sign  of  S^fO)  for  the  different  excitations 

indicates  that  exchange  is  the  dominant 

spin-dependent  process  here  /l/. 

Results  for  various  target  states  and  collision  energies 
are  presented  and  compared  with  new  theoretical 
data  (R-matrix  close-coupling/2/  and  DWBA 
calculat  ions/3/). 
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^  0.2 

L 

%  0.0 

£ 

§>-0.2 

V) 

°  -0.4 


0  30  60  90  120 

scattering  angle 


0  30  60  90  120 

scattering  angle 


Fig.  2a, b  scattering  asymmetry  as  a  function  of 
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ELASTIC  SCATTERING  OF  POLARISED  ELECTRONS  FROM  MERCURY  AND  XENON 
FOR  COMPLETE  EVALUATION  OF  THE  SCATTERING  AMPLITUDES 

0.  Berger  and  J.  Kessler 

Physikal isches  Institut  der  Universitat  Munster,  D-4400  Munster,  W. -Germany 


The  elastic  electron  scattering  from  spinless 
atoms  can  be  described  completely  by  two  complex 
scattering  amplitudes  if  Coulomb  interaction  and 
spin-orbit  interaction  in  the  continuum  are  taken 
into  account.  Complete  elastic  scattering  experi¬ 
ments  are  feasible  in  the  sense  that  the  moduli 
and  the  relative  phase  of  the  two  scattering 
amplitudes  can  be  determined  /I/. 

Experiments  in  which  the  differential  cross- 
section  or  the  Sherman-function  S  are  measured  do 
not  contain  all  the  information  on  the  scattering 
process  due  to  the  fact  that  unpolarised  electrons 
are  scattered  and  the  effect  of  the  electron  spin 
in  the  scattering  process  is  not  accessed  comple¬ 
tely.  The  missing  information  can  only  be  obtained 
by  scattering  polarised  electrons  and  measuring 
the  additional  parameters  T  and  U  describing  the 
change  of  the  polarisation  in  the  scattering  proc¬ 
ess  /2/ . 

In  the  experiment  we  report  here  the  angular 
dependence  of  the  polarisation  parameters  S,  T 
and  U  has  been  measured  at  various  fixed  energies 
between  25  and  150eV  for  mercury  and  xenon.  The 
polarised  electrons  are  produced  in  a  GaAsP  source. 
After  a  first  90°  deflection  the  electrons  are 
focused  into  a  rotatable  deflection  system  which 
allows  to  vary  the  scattering  angle  continously. 

A  beam  of  50-200  nA  with  a  polarisation  of  typi¬ 
cally  32%  is  obtained  in  the  target  region.  The 
elastically  scattered  electrons  from  a  target 
consisting  of  either  mercury  vapour  or  xenon  gas 
are  transmitted  through  a  filter  lens  and  a  Wien- 
filter.  Thereafter  they  are  accelerated  and 
enter  a  Mott-detector  for  polarisation  analysis 
(Fig.  1).  Two  pairs  of  counters  in  the  Mott- 
detector  allow  a  simultaneous  analysis  of  the 
transverse  polarisation  components.  From  the 
measured  polarisation  components  the  polarisation 
parameters  S,  T  and  U  are  derived.  In  the  special 
case  where  the  primary  polarisation  P  lies  in  the 
scattering  plane,  as  in  our  experiment,  the  pol¬ 
arisation  of  the  scattered  electrons  can  be 
described  by 

=  Sri  +  TP  ♦  U(fixP)  (1) 


Fig.  1:  Schematic  diagram  of  the  apparatus 

The  experimental  results  are  shown  in  compa¬ 
rison  with  several  theoretical  calculations  / 3/ , 
/4/.  /5/. 

From  the  measured  polarisation  parameters  S, 
T  and  U  together  with  the  absolute  differential 
cross-section,  which  has  been  investigated  by 
different  groups,  a  complete  evaluation  of  the 
scattering  amplitudes  in  terms  of  the  moduli 
and  the  relative  phase  is  presented. 
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where  B  is  the  unit  normal  vector  of  the  scat¬ 
tering  plane. 


SEMI-RELATIVISTIC  CALCULATIONS  OF  ELASTIC 
SCATTERING  OF  ELECTRONS  FROM  XE  AND  HG 

R.P.  McEachran  and  A.D.  Stauffer 

Physics  Department,  York  University,  Toronto,  Canada  M3J  I P 3 


We  present  results  for  the  elastic  scattering  of 
electrons  from  xenon  and  mercury  using  a  model  which 
includes  relativistic  effects  as  well  as  exchange 
and  polarization.  The  relativistic  potential  is 
derived  from  relativistic  Dirac-Fock  wave  functions1 
while  the  polarization  potential  is  the  accurate 
non-relat ivistic  polar ized-orbital  potential  used 
previously."*1  Differential  and  total  elastic 
scattering  cross  sections  are  given  and  compared  to 
existing  relativistic  and  non-relat ivistic  calcula¬ 
tions  as  well  as  tc  experimental  data  over  the  energy 
range  from  threshhold  to  a  few  hundred  electron  volts. 

Since  re lat ivist ic  effects  are  included  in  our 
model  the  spin  polarization  of  the  scattered  electrons 
can  also  be  calculated.  We  show  results  for  the 
polarization  parameters  S,  T  and  U  which  can  be 
measured  in  a  'perfect*  scattering  experiment.1* 

These  quantities  are  compared  to  recent  theoretical 
and  experimental  results  and  are  in  general  in  good 
agreement  with  the  experimental  data.  Special 
attention  is  paid  to  situations  where  disagreements 
have  arisen  in  the  past. 
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ELECTRON  SCATTERING  ON  HEAVY  ATOMS 
K.  Bartschat,  P.  G.  Burke  and  N.  S.  Scott 
Department  of  Applied  Mathematics  and  Theoretical  Physics 


The  Queen  s  University  of  Belfast, 

Electron  scattering  by  heavy  atoms  has  been  studied 
both  experimentally  and  theoretically  for  many  years. 
Experimentally,  not  only  can  total  and  differential 
elastic  and  inelastic  cross  sections  be  measured,  but  the 
use  of  high  resolution  polarised  electron  and  atom  beams 
enable  observables  such  as  the  spin  polarisation,  asy¬ 
mmetry  functions  and  the  Stokes’  parameters  to  be  deter¬ 
mined.  Theoretically,  new  developments  in  methods  and 
computer  programs  have  enabled  the  combined  influence  of 
resonances,  electron  exchange  and  relativistic  effects, 
to  be  accurately  included. 

In  this  paper  we  present  recent  results  for  elastic 
and  inelastic  scattering  of  electrons  by  Cs ,  Hg,  Tl  and 
’b  targets  using  the  relativistic  R-matrix  method^. 

These  calculations  include  for  the  first  time  all  the 
effects  mentioned  above  within  the  framework  of  the  Brei'- 
Pauli  Hamiltonian.  The  influence  of  electron  correlation 
on  resonances  in  e  -  Hg  scattering  and  the  role  of  the 
one-bodv  spin  orbit,  mass  correction  and  Darwin  operators 
wi  1 1  be  discussed . 

Fig.  1  shows  the  influence  of  the  Darwin  term  and 

the  mass  correction  term  on  the  spin  polarisation 

function  S  and  the  asvmmetry  function  S.  for  the  electron 
P  3  A 

impact  excitation  of  the  (6s6p)  P.  state  of  Hg  from  the 

2  1  1 
(6s  )  S  ground  state.  It  can  be  seen  that  the  addit- 
o 

ional  terms  in  the  Hamiltonian  clearly  change  the  results 

2,3 

of  an  earlier  R-matrix  calculation  ,  where  only  the 
spin-orbit  interaction  was  included.  The  structure  of 
the  curves  and  the  overall  agreement  with  the  experimental 

4 

data  remains  essentially  unchanged.  This  indicates 
that  other  effects  like  core  polarisation  and  electron 


energy  <eV) 


Pig.  I : Spin  polarisation  funrt ion  S  and  scattering 

asymmetry  function  S  for  the  (As-)  ]S - '  (6shP) ’p 

transition  in  Hg.  Comparison  of  the  old  (  -  and  - -) 

and  the  new  (....  and  R-matrix  calculations  (see 

text)  with  the  experimental  data  (Bartschat  et  al  1 9H i 
for  ip  electron  scar  ter  in-  in-lo  •  *  9n°. 


Belfast  BT7  INN,  Northern  Ireland. 


correlation  are  also  important  and  have  to  be  taken  into 

account  for  further  improvement  of  the  theoretical  results. 

2 

Electron  correlation  on  the  (6s6p  ) -resonances  in 
o  -  Hg  scattering  has  been  studied  by  including  additional 
correlation  functions  in  the  R-matrix  expansion.  The 

most  important  change  to  the  original  R-matrix  calculat- 

35.  .  .  2 

ion  *  is  a  split  in  the  energy  positions  of  the  (6s6p  ) 

2 

“D-resonances .  This  effect  can  be  simulated  by  shifting 
the  corresponding  R-matrix  poles  and  in  fig.  2  we  show 
the  results  of  the  integrated  Stokes'  parameter  r  ,,/Py, 
which  describes  the  circular  polarisation  of  the  light 
emitted  after  excitation  with  traversally  polarised 
electrons.  The  agreement  with  the  experimental  data^ 
us  clearly  improved,  a  tendency  which  is  also  found  for 
ther  observables  which  strongly  depend  on  the  position 
ot  these  resonances. 

The  R-matrix  calculations  for  e  -  Hg  scattering 
will  also  be  compared  with  recent  DWBA  results  and  new 
experimental  data  of  the  Munster  group. 
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RELATIVISTIC  EFFECTS  In  ELASTIC  SCATTERING  OF  ELECTRONS  FROM  HEAVY  ATOMS 
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present  i-i  Jr  ess :  Dept,  cf  Applied  Mathematics  m.i  The  reticui  Physi.s, 

Queen's  University,  beltust  B7~  INN,  Northern  IrelanJ 


Relativistic  e-:  recta  i fustic  scjttenr. -j  between 
e*e-trcns  »:iJ  ne.ivy  a;  i;.iess  .itons  \ Hg ,  Xt-i  ire  invest  i- 
■jjtvj  in  in  one r ;y  rc.jt  ;t  ZG  to  700  eV.  Results  wiil 
oe  p 1 ».  sei.tcu  will-:.  s:.wW  ti.e  iniiuonce  *•*£  the  various 
rtuit  ivuti  etle.ts  tne  tie,,  tron  polarization 
ve.. tv-,1  a:.u  cross-se 

We  nave  per :  .  r:r.eu  tue  tallowing  calculations: 

aj  _■  .j:\p-ieteiy  re  .  it  1  vi  s  1 1  cal  *  y  as  discussed  x  n  ref.*, 

&>  taxing  relativistic  effects  up  t.;  »•  i:;r  ■  account, 
ci  only  spin-crmt  coupling. 

In  tne  Numerical  calculations  we  have  used  various 
i'L'fli  exchange  potentials'’'  ',  i  polarization  potential 
unu  an  imaginary  absorption  potential".  For  Xenon  we 
used  tne  relativistic  wave  functions  of  Walker  and  for 
Hg  hissner's  semi -relativistic  wave  functions. 

We  have  calculated  the  differential  cross-section 
and  tne  S  ^polarization) ,  T  and  u  parameter s  ,  that 
describe  tiie  cnange  of  tne  polarization  vector  com¬ 
pletely.  S,  T,  U  values  and  differential  cross- 
sections  are  compared  with  experiment  in  an  energy 
range  of  -0  -  700  eV.  Preliminary  results  ait  shown  in 
figs,  i  and  Z . 
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Pig.  1:  Spin  polarization  versus  scattering  angle  for 
elastic  e~  -  Hg  scattering  at  50  eV. 
Experimental  data  of  Eitel  . 
fr:  full- relativistic  calculation, 
i* :  see  b) ,  LS :  only  spin-orbit  coupling. 


Fig.  2:  Scattering  from  Xe  at  £=400  eV.  Experimental 
lata  of  Kessler,  Lucas  and  Vuskovic  . 
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POLARIZATION  PHENOMENA  IN  ELECTRON-ATOM  COLLISION  PROCESSES* 
Keh-Ning  Huang 
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.'article  collision  on  a  manv-part icle  target  has 
been  one  of  the  most  fruitful  probes  of  elementary 
interactions  and  the  target  structure.  Electron-atom 
collision,  in  particular,  has  also  important 
applications  in  astrophysics,  plasma  physics,  and 
radiation  physics.  Most  of  previous  works  on 
electron-atom  collision  are  about  the  total  cross 
section.  Nevertheless, the  spin  polarization  and 
angular  distribution  of  the  scattered  electron  can 
reveal  a  wealth  of  information  about  the  atomic 
structure.  Furthermore,  valuable  new  information 
about  electron-atom  collision  processes  can  be 
obtained  from  experiments  with  polarized  electron 
beams.  Formulas  for  spin  polarization  and  angular 

distribution  of  elastically  scattered  electrons  are 
1  2 

well-known  *  and  depend  only  on  the  incident  energy 
and  the  phase  shifts  of  partial  waves.  On  the  other 
hand,  for  inelastically  scattered  electrons,  the  spin 
polarization  and  angular  distribution  depend  on  the 
energies  of  the  incident  and  scattered  electrons,  on 
the  phase  shifts,  and  on  the  transition  amplitudes 
involving  both  the  projectile  and  target.  In  this 
paper,  we  report  the  kinematics  of  inelastic 
eletron-atora  collisions  including  the  radiative  and 
Auger  transitions  of  the  target  after  the  collision. 

A  relativistic  approach  is  used  in  the  present 
formulation,  and  therefore  the  spin  polarization  of 
the  electron  and  fine  structures  of  the  atom  are  built 
in  from  the  outset.  The  spin  polarization  and  angular 
distribution  of  the  scattered  electron  are  presented 
in  concise  parametrized  expressions.  For  low-energy 
electron-atom  collisions,  where  only  a  few  partial 
waves  suffice,  these  angle-independent  parameters 
provide  a  convenient  classification  of  dynamical 
effects  and  facilitate  comparisons  between  different 
calculations.  In  addition,  the  present  approach  is 
formulated  in  such  a  way  that  any  single-channel  or 
multichannel  dynamical  theory  can  be  used  to  calculate 
pertinent  parameters. 

Electron-atom  scatterings  can  be  summarized  by 
the  scattering  equation  as 


u  .  u .  i  i 


where  .  and  are  the  density  matrices  of 

u  g  i  i 

the  scattered  and  incident  electrons,  respectively,  and 


I  ( 

l  l 


)  is  the  appropriate  interaction  matrix. 


To  write  the  angular  distribution  and  spin 

polarization  of  the  scatter  d  electron  in  vector 

forms,  we  define  three  orthogonal  unit  vectors 

(  t,  n,  k.  )  as  k  *  k.  J  k.  , 

l  ixi. 

n*k.  xk  /  k.  xk  ,  t  =  n  x  k ./  nxk.  ,  where  k. 

\  A  1  «  l  l  i 

and  k  are  the  momenta  of  the  incident  and  scattered 
electrons,  respectively,  r.  is  normal  to  the  scattering 
plane,  and  t  is  on  the  scattering  plane  and 
perpendicular  to  k_.  The  angular  distribution  of  the 
scattered  electron  can  be  written  as 


d  '  (,  ) 
d 


F (  ) , 


v**re  the  distribution  function  is 

F(  ,:)  =  1  +  a  +  b(p.n) ,  (3) 

Here  p  is  the  spin  polarization  of  the  incident 
electron.  The  spin  polarization  of  the  scattered 
electron  is  given  as 

P  r,;)F'  ,;)  =  c(p.k.)  -  d(p.t),  (4) 

Pv(SOF(e,:)  =  e  +  f  (p. n)  ,  (3) 

P  (Si) F(?,:>  =  g(p\k.)  +  h(p\t>.  (6) 


Here  a,  b,  c,  d,  e,  f,  g,  and  h  are  eight  independent 
functions  of  the  polar  angle  .  It  is  clear  from 
( 3) — ( 6)  that  the  analyzing  power  of  the  target, 
b/(l+a),  does  not  equals  the  polarizing  power, 
e/(l+a),  even  when  the  interaction  involved  in  the 
scattering  conserves  parity.  Only  when  the  scattering 
can  be  approximated  by  the  potential  scattering,  can 
we  equate  the  analyzing  power  to  the  polarizing  power 
because  b=e.  The  kinematics  of  coinc 
measurements  of  the  scattered  electron  and  excited 
target  will  also  be  studied,  and  the  triply 
differential  cross  section  of  electron- impact 
ionization^  will  be  discussed. 
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.:ii  p i jj— polar x ^at iOij  of  auger  electrons 
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i.ie  polarization  of  Auger  electrons  nas  been  stud- 
leu  oy  Kiar  and  by  Kaoachr.-ik*’ .  These  authors  devel- 
-peu  rormal  tn«_ones,  based  or.  symmetry  considerations 
»:.u  arrived  necessary  conditions  for  the  occurence  wf 


s.,m  colarizati:: 


:r  processes  witr.  unpolarizeu 


nitiul  particles.  In  particular,  Kabacnmk"  s  no  wee 
nat.  spm-oroit  coupling  m  the  continuum  is  not  neces¬ 
sary  for  obtaining  spin  polarization,  provided  mdi - 
•id^al  components  of  the  ionic  fine  structure  Levels 


In  order  to  obtain  additional  criteria  one  has  to 
consider  dynamical  factors.  The  physical  mechanism, 
responsible  for  the  spin  polarization,  is  the  final- 
state  interaction  experienced  by  the  electron  when  it 
leaves  the  target.  A  significant  spin  polarization 
can  cr.ly  be  obtained  if  the  dynamical  conditions  are 
seen  that  the  ejected  electron  is  significantly  influ¬ 
enced  by  short-range  effects.  This  requires  in  par¬ 
ticular  that  its  kinetic  energy  is  not  too  high. 


"  V.  /. 


kaoacnnik  made  some  predictions  for  Auger  lines 
wut: re  j  noticeable  polarization  may  be  expected.  These 
_o:.uitions  are  not  sufficient  to  explain  recent  experi- 


Results  of  model  calculations  will  be  presented 
which  show  the  influence  of  the  final-state  interac- 
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MULTICHANNEL  EIKONAL  THEORY  OF  EXCITATION  IN  ELECTRON -METASTABLE  ATOM  COLLISIONS 


E.  J.  Mansky  and  M.  R.  Flannery 

School  of  Physics,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332  USA 


1  2 

The  multichannel  eikonal  theory  *  has  been  modified 

analytically  so  as  to  incorporate  directly  the  effect  at 

distant  impact  parameters  (p  ■*  »)  of  the  various  di¬ 
max 

pole  couplings  which  are  important  in  collisions  of  elec¬ 
trons  with  metastable  atoms.  Differential  and  integral 
cross  sections  are  then  obtained  for  e-H(2s,2p)  and  for 
e-He(21,3S,  21,3P)  for  collision  energies  E  (eV)  in  the 
range  [E^jE^]  which  is  [5,500]  for  H  and  He  ,  is  [17,500] 
for  H(ls)  and  [40,2000]  for  He(l*S).  All  ten  sublevels 
(nine  for  He(23S))  corresponding  to  the  principal  quantum 
numbers  n  _<  3  are  retained  in  the  basis  set  for  the  target 
states  of  H(n2.)  and  He(ls  ni) . 

3  4 

Very  good  agreement  with  experiment  *  and  with 

5 

close-coupling  calculations"  are  obtained  for  integral  and 
differential  cross  sections  DCS  (see  representative  re¬ 
sults  in  Table  1  and  Figures  1-3). 

Polarization  fractions  for  transitions  3p  ->  2s  and 
2p  ■*  Is  in  H  and  for  3l*3P  ■*  21#3S  and  2lP  ■*  1*S  in  He 
are  also  calculated  and  compared  with  experiment.  The 
first  theoretical  predictions  for  parameters  (A,u,x  end 
v)  are  provided  for  transitions  H(3d  -+  2p)  and  for 
He(31,3D  -  2 1  *  3P)  in  the  energy  range  [E^E^]  and  are 
found  to  be  consistent  with  the  low-energy  (E  <_  45.6) 
experimental  data. 

Table  I :  Theoretical  and  experimental  values  for  the 
DCS(ls  -*•  2p)  in  H  at  F  =  54.40  eV.  (in  units  of  a  ^/«r)  . 
(deg.)  present  results  ^results?**”8  experiment-3 
0  38.34  39.0 


10 

7.542 

7.81 

7.  54 

20 

1.103 

1.18 

1.04 

30 

0.1716 

0.199 

0.157 

40 

0.0329 

0.0471 

0.0436 

S(deqJ 


Figures  1  and  2:  DCS  ( ~a  ‘’/sr.)  for  e-He(23S  -  3  3L)  at 
o 

E  =  20  eV.  Present  Results  - ;  Previous  Results  (ref.  2) 

- ;  Experiment  (ref.  4)  A . 


54.4,  100,  200  and  500  (curves  A-F,  respectively). 

Present  results  - ;  0  [ref.  3);  +  [ref.  5|. 
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In  the  theory  of  scattering  cf  many-body  complex 
systems  the  approximate  scattering  by  multi centered 
potentials  is  a  convenient  starting  point.  The  implied 
sudden  approximat ion  is  expected  to  hold  especially  at 
high  energies  when  the  fermi-motion  of  the  particles  can 
be  neglected.  However  the  problem  of  multi-centre 
scattering  which  is  equivalent  to  an  infinite  set  of 
coupled  ordinary  differential  equations  defies  an  exact 
solution.  The  purpose  of  this  note  is  to  give  an  appro¬ 
ximate  solution  which  will  be  amenable  to  further  exten¬ 
sion  to  the  many-body  scattering  formulation. 

Let  us  consider  scattering  by  two  potentials  V-  and 
V0  centered  at  0j  and  0^.  Let  us  Green’s  functions  be 
denoted  by  G*,  G*,  and  G+  with  no  potential,  Vj# 

\'i  ♦  Y'2  and  the  corresponding  wave  functions  $.  ^ ,  C 
and  C ,  +  denoting  outgoing  boundary  conditions.  Then 
using  the  usual  equations  for  Green's  function  and 
Lipraann-Schwinger  equations,  it  is  easy  to  show 

V  =  tfLcptj  ♦  (gY,  5j  -  *i'1.^.CC*V2d»  (1) 

Here  .  dot  denotes  ordinary  product  which  is  commutative. 
The  terms  in  the  bracket  cancel  in  Eorn-annroxtmations 
upto  second  order  and  can  be  shown  to  be  exactly  zero  in 
eikonal  approximation.  Hence  one  can  use  the  approxima- 


s  Sfivjicyvp;  >  ♦ 


yiyic2W; > 


c* .  ♦pLq.e; 


This  ansatz  was  already  used  by  Dewangan  for  electron- 
atomic  collisions.  We  can  obviously  generalize  the 
above  expression  for  any  number  of  potentials  -  these 
need  not  act  from  different  centres, 

1  n 

=  4,n'1.  E  .5  (3) 


<■  (1-*  2>  (5) 

Clearly  our  transition  amplitude  includes  exactly  all 
those  terms  in  which  the  particle  is  scattered  from  the 
same  potential  any  number  of  times,  and  also  those  terms 
ir.  which  the  incident  particle , after  being  multiply  sca¬ 
ttered  by  one  potential,  is  scattered  finally  once  by 
the  second  potential. 

It  appears  that  the  first  term  in  (1),  that  is 
ansatz(2)  is  quite  satisfactory  to  explain  the  e~«-H(ls) 
-*-e~+H(2s)  differential  cross-section1  as  shown  in  the 
figure  1. 


20  W  60  80  10C  120  1t9 

Electron  «oM*T-f'g  angle  ©  i deg  1 

Flgvr*  1.  Differential  cross  sections  for  e  *Hilsi-*c  -  Hi  2s»  at  54.4  eV  '*„  =  2au> 
—  —  — .  fhe  present  model  not  including  exchange;  ,  the  Glauber  approximation. 

- .  the  first  Born  approximation. - .  the  present  model  including  exchange 

through  the  Ochkur  approximation.  experimental  data  of  William-,  * 


This  means  there  is  large  cancellation  among  the  last 
terms  of  (1).  Further  applications  are  being  considered. 
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It  can  be  shown  that  in  the  case  of  two  potentials  the 
total  T-matrix  is  given  by 

T  =  Tj+T2  +  <(lf  !Vj  |g*V.^2  >*<«f  lv2  lCoVlCl  *  4 

♦  <*f  IVjtVjU.'LG^VjCj.CpVjCj*  (4) 

where  Tj,  Tj  are  T-matrices  for  potentials  Vj  and  V'2 
respectively.  Only  the  last  term  in  (4)  is  approximate 
and  replaces  the  following  terms  in  the  exact  expression 
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ELECTRON-IMPACT  EXCITATION  FROM  THE  23S  METASTABLE 
STATE  OF  HELIUM  TO  HIGHER  ELECTRONIC  STATES 

David  C.  Cartwright  and  G.  Csanak 
University  of  California,  Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


Metastable  electronic  states  are  now  known^  to 
play  an  important  role  in  determining  the  degree  of 
ionization  and  the  flow  of  energy  in  plasmas  con¬ 
taining  inert  gas  atoms,  but  relatively  little  is 
currently  known  about  the  cross  sections  for 
excitation  and  ionization  from  these  states. 

Although  data  are  now  becoming  available  on  the 
2  3 

density  '  of  metastable  species,  and  their  influ¬ 
ence  on  the  net  ionization,^  under  certain  plasma 
conditions,  relatively  little  is  known  about  exci¬ 
tation  from  atoms  initially  in  metastable  electronic 
states  to  higher  electronic  states.  The  only 
direct  measurement  of  the  differential  cross  section 
(DCS)  for  excitation  from  a  metastable  atomic 
state  that  has  been  reported  to  date  is  the  recent 

4 

work  of  Muller-Fiedler  et  at.  From  a  theoretical 

standpoint,  the  only  DCSs  that  have  been  reported 

to  date  are  Born  and  Glauber  results  by  Khayrallah 
5  3  3 

et  al.  for  the  2  S  -*•  3  S  transition,  and  the  ten- 

g 

channel  eikonal  results  by  Flannery  and  McCann 
for  spin-conserved  transitions. 

The  many-body  formulation,  previously  used 
with  good  success  for  treating  excitation  from 
ground-state  closed-shell  targets,  has  been  ex¬ 
tended  to  treat  excitation  from  targets  in  excited 
electronic  states.  In  the  first-order  formulation  of 
this  many-body  theory  for  metastable  targets,  the 
excitation  process  can  occur  by  a  two-step  de- 
excitation-excitation  process,  as  well  as  by  the 
usual  "direct"  excitation  mechanism.  If  only  the 
“direct"  excitation  mechanism  is  considered,  the 
customary  distorted-wave  approximation  is 
obtained . 

Figure  2  shows  a  comparison  of  integral  cross 
sections  obtained  by  various  approximations  with 

g 

that  reported  by  Ochkur  and  Bratsev,  for  the 
transition  e  ♦  He(23S)  -  He(3'S)  ♦  e  .  Compari¬ 
sons  with  the  other  experimental  and  theoretical 
results  will  be  presented. 
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SMALL  ANGLE  "SUPERELASTIC"  3  R*3  S  (e  ,  Na>  SCATTERING  IN  THE  10-25  eV  RANGE 


G.  F.  Shen*,  J-L.  Cai*»  B.  Jaduszliwer  and  B.  Bederson* 


*New  York  University,  Department  of  Physics,  New  York,  New  York  10003 
+The  Aerospace  Corporation,  Los  Anaeles,  CA  90009 


"‘■■l  l  :s. ion  experiments  involving  scatter ina  by 
1  a -‘-r-fx ■' i t atoms  is  a  matter  of  considerable  current 
interest*''.  Her  tel  et  al^  have  studie-1  in  detail  the 
do;  er.dor.ee  of  inelastic  scatter  ina  by  3^P^  /0  sodium 

atoms  (!)  the  plane  of  polarization  of  the  laser  liqht. 

4 

Ar.  experimental  proaram  is  in  progress  at  New  York 
"niversity  to  measure  reliable  absolute  cross  sections 
for  olasti”,  inelastic,  and  supe re last ic  electron 
collisions  with  laser-excited  sodium  atoms. 

This  paper  retorts  cn  atomic  recoil  studies  of 
small  ancle  "su:  erelast ic"  scatterina  of  electrons  by 
sodium  atoms  at  intermediate  energies,  performed  usina 
a  new  atomic  beans  apparatus  at  NYU.  The  atom, 
electron  and  laser  beams  are  mutually  perpendicular  and 
intersect  in  a  we  1 1-dt. fined  interaction  volume.  The 
atom  beam  is  recoi 1 -scattered  by  both  many-photon 
r-’ sonant  absent  ion  and  by  electron  scattering,  ionized 
by  surface  ionization  with  mass  spectrometric  selection 
wp  channel  tro.n  detect  ion.  The  detector  is  3m  down¬ 
stream  from  th*.  interaction  region,  in  order  to  obtain 
hi  lf-ouiar  r»*s^lutio*.  The  photon-deflected  atom 
beam  profile  can  be  used  to  obtain  the  relative  popula¬ 
tions  of  around  and  excited  states;  the  electron- 
scattered  atom  can  then  be  analyzed,  in  two  dimensions, 
to  determine  absolute  cross  sections,  both  differential 
and  integral,  for  specific  state- to-state  reactions.  In 
the  experiment  the  effusive  atomic  sodium  beam  is 
state- selected  by  nexanole  electromaanet ,  before 
laser  excitation,  in  the  F=2,  *!_=- 1,0, 1,2  states.  The 
r iaht-circularly  polarized  laser  is  tuned  to  the 


detector  is  displaced  from  the  undeflected  beam  axis  to 

the  :-e,ik  of  the  photon-recoiled  atonic  beam.  The 

atomic  beam  signals  are  measured  by  having  the  chanr.ol- 

tron  output  fed  into  a  hiah-sensi tivi tv  electrometer. 

The  analog  output  is  sampled  by  an  ADC  of  a  PDP  11/93, 

proarammert  to  ojerutc  as  a  multichannel  analyzer. 

Pi  a.  1  shows  detector  signal  vs  detector  position, 

at  F^=  20  e”.  The  effective  superelastic  cross  section 

2/:  is  proportional  * o  the  ratio  A  /A  ,  where  A  is  the 

so  s 

area  under  the  superelastic  scattering  peak  and  A  is 

o 

•"he  area  under  the  deflected  atonic  beam.  Fio.  2  shows 

the  ratio  A  /A  at  electron  enemies  rannina  from  10  to 
s  o 


We  also  hav*  measured  the  ratio  at  electron  energy 


of  20  eV  with,  both  circularly  and  linearly  polarized 
laser  liaht.  The  ratio  of  effective  superelastic  cross 
section  for  Na  atoms  excited  bv  c  light  and  tt  liqht  is 
1.3.  Comparison  with  available  computations  will  be 
:  re- on ted. 


-  6  -.4  -.2  0  .2  .4  .6  an! 

FIGURE  1.  Detector  signal  v£  detector  position  at  E  = 
20eV.  0  represents  the  position  of  the  undeflected 
atomic  beam.  The  left  prominent  peak  is  the  signature  of 
superelast ic  scattering  and  the  right  prominent  peak  is 
the  signature  of  forward  inelastic  scattering.  Direction 
of  electron  beam  is  left  to  right. 
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ELECTRON  IMPACT  EXCITATION  OF  ALKALI  ATOMS 
C.  E.  Bielschowsky  and  H.  G.  P.  Lins  de  Barros 
Centro  Brasileiro  de  Pesquisas  Ffsicas.  CBPF/CNPq  22  290-Rio  de  Janei ro-RJ-Brasi 1 


We  have  applied  the  Glauber  approxima¬ 
tion  (GA)  to  the  study  of  the  following  excita 
tion  processes: 

e"  +  X(ns)  -*  e"  +  X(ms)  and  e~  *  X(ns)  •*  e"  + 
X(mp)  where  X  is  Li ,  Na  or  K.  The  interaction 
potential  between  the  incident  electron  and 
the  atom  has  been  approximated  by: 

V  =  .  <>2  *  i  x  a  „-x  >r ,  !  Ill 


where  r[  and  r^  are  the  coordinates  for 
the  incident  and  valence  electrons  respective¬ 
ly.  The  last  term  represents  the  averaged 
spherical  potential  which  describes  the  inte¬ 
raction  between  the  incident  electron  and  the 
core  electrons  plus  N-l  nuclear  charges,  where 
N  is  the  atomic  number.  The  parameters  A  and 
X  were  obtained  by  fitting  a  numerical  poten¬ 
tial  generated  through  a  Hartree-Fock-Xa  pro¬ 
gram. 

Applying  (1),  the  Glauber  phase  is: 


where  kg  is  the  linear  momentum  to  the  inci¬ 
dent  electron,  b  is  the  classical  impact  pa¬ 
rameter,  s  is  the  projection  of  ?!  on  the 
plane  perpendicular  to  kg  and  Kg  is  a  Bes¬ 
sel  function.  We  have  called  this  approxima  - 
tion  Yukawa-Frozen-Core  (YFC) .  When  A=0  the 
Inert-Frozen-Core1  (IFC)  approximation  is 
obtained . 

The  atomic  wave  functions  have  been  des¬ 
cribed  by  ortogonal  Slater-type  orbitals. 
Applying  the  method  proposed  by  Thomas  and 

Chan2  and  using  explicitly  the  ortogonality  of 
the  spin-orbitals,  after  some  further  analiti- 
cal  developments,  we  have  been  able  to  express 
the  scattering  amplitude,  for  the  processes 
described  above,  in  terms  of  one-dimentional 
integrals . 

Figure  1  shows  typical  results  for  the 
differential  cross  sections.  Our  results  show 
that  GA  predicts  reasonable  cross  sections  in 
the  intermediate  scattering  angle  region,  also 
for  alkali  atoms,  as  long  as  the  core  contribu 


tion  is  considered. 
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FIGURE  1  -  a)  Scattering  Cross  Section  for  the 
process  e'  +  Na(3s)->-e~  *  Na  ( 3p )  at 
100  eV.  YFC  *  Yukawa-Frozen-Core 
approximation.  IFC  =  Inert-Frozen- 
Core  approximation.  =  Experimen¬ 

tal  results3. 

b)  Scattering  Cross  Section  for  the 
process  e"  +  K(4s)-*-e”  ♦  K  C  4  p  )  at 

60  eV.  IFC  »  Yukawa -Frozen -Co i e 
approximation.  IFC  *  I uert -Frozen  - 
Core  approximation.  =  Experimen¬ 

tal  re  suits'*  (S4.4  eV) 
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INELASTIC  ELECTRON  SCATTERING  FROM  SODIUM  AND  MAGNESIUM 

M.J.  Brunger,  S.J.  Buckman,  J.L.  Riley,  R.  Scholten  and  P.J.O.  Teubner 

School  of  Physical  Sciences,  The  Flinders  University  of  South  Australia, 
Bedford  Park,  South  Australia  5042,  Australia 


The  recent  development  and  application  of  a 
coupled  channels  optical  theory  to  electron  scattering 
from  light  metal  vapours  by  McCarthy,  Mi  troy  and 
Stelbovics1  has  demonstrated  the  need  for  reliable 
differential  cross  section  measurements  in  the  energy 
range  from  lOeV  to  40eV. 

We  have  measured  differential  cross  sections  for 
the  excitation  of  the  o2P  state  in  sodium  at  22.1eV  and 
54.4eV  over  the  angular  range  from  2°  to  140°.  A 
major  effort  has  been  made  at  54.4eV  to  resolve  the 
discrepancy  between  earlier  results  from  this 
. aboratory  and  those  of  Srivistava  and  Vuskovic3.  In 
a  series  of  experiments  we  have  been  able  to  demonstrate 
the  dominant  role  which  data  for  scattering  angles  less 
than  10°  play  in  the  determination  of  the  absolute 
value  of  the  cross  sections  for  intermediate  energy 
inelastic  scattering  in  sodium.  This  forward  angle 
behaviour  has  implications  not  only  for  the  absolute 
value  but  also  for  the  shape  of  the  differential  cross 
section  at  backward  angles.  This  point  will  be 
explored  in  detail  as  it  is  particularly  relevant  to 
the  recent  theory  of  McCarthy  et  all  where  the 
calculations  overestimate  the  cross  sections  for 
scattering  angles  greater  than  60°.  Our  measurements 
at  22.1eV  show  the  same  disagreement  with  the  data  of 
Srivistava  and  Vuskovic3  and  with  the  theory1. 

A  modulated  crossed  beam  technique  was  used  to 
measure  the  angular  distributions  of  the  inelastically 
scattered  electrons.  The  absolute  values  were 
determined  by  integrating  the  angular  distribution 
and  normalising  the  data  to  the  known  total  cross 
section".  A  generalised  oscillator  strength 
formalism  has  also  been  used  to  provide  absolute 
cross  sections.  The  comparison  of  the  two  techniques 
has  consequences  for  the  validity  of  the  First  Born 
approximation  at  these  energies. 

A  modulated  crossed  beam  technique  has  also  been 
used  to  measure  angular  distributions  for  the 
excitation  of  the  3lP  state  in  magnesium  over  the 
angular  range  from  3°  to  130°  at  incident  electron 
energies  of  10,  20  and  40eV.  The  absolute  values  of 
the  differential  cross  sections  have  been  assigned  by 
integrating  the  angular  distributions  of  the  31?  state 
of  I.eep  and  Gallagher'.  The  data  arc  compared  with 
previous  experimental  values  of  Williams  and  Trajmar6. 

In  general  there  is  good  agreement  between  the  previous 


data  and  the  present  results  in  absolute  value  but 
we  find  significant  difference  in  the  shapes  of  the 
cross  sections  at  all  energies.  For  example  at  both 
40cV  and  20cV  we  find  structure  in  the  cross  section 
at  middle  angles  which  is  similar  to  that  observed  in 
elastic  scattering6.  Thus  our  data  demonstrate  that 
a  distorted  wave  calculation  would  be  profitable. 

No  theory  exists  with  which  we  can  compare  our  data. 
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Excitation  of  Core  in  Li 
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Wel“2  have  explored  the  possibility  of  using 
the  asymptotic  Green  function  approximation  (AGFA) 
to  study  elastic  and  inelastic  collision  processes 
in  atoms  and  ions  by  electron  impact  in  the  low, 
intermediate  and  high  energy  range  employing  single¬ 
configuration  Hartree-Fock  (HF)  wave  function.  Our 
investigation  indicates  that  the  AGFA  is  capable  of 
producing  reasonably  good  results  but  one  9hould  em¬ 
ploy  adequate  wave  function  of  Che  target  specially 
for  the  heavy  systems. 

The  primary  purpose  of  this  work  is  to  see  the 
impact  of  using  the  configuration  interaction  (Cl) 
wave  function  within  the  AGFA  in  the  analytic  form 
as  in  our  earlier  work^  on  the  cross  section  of  the 
excitation  of  core-electron  in  Li  by  electron  impact 
The  result  will  be  discussed, 
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A  LEAST-SQUARES  APPROACH  TO  ELECTRON  SCATTERING 
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We  we  have  applied  a  least-squares  (LS)  technique 
to  the  solution  of  sets  of  coupled  differential  equa¬ 
tions  that  commonly  arise  in  electron  scattering  from 
atoms  and  molecules.  We  formulate  the  LS  prescription 
by  invoking  the  following  steps.  First,  we  expand  the 
scattering  wavefunction  in  a  basis  of  radial  functions. 
Second,  we  substitute  this  expansion  into  the  radial 
Schrodinger  equation  and  derive  a  system  of  matrix 
equations  for  the  linear  expansion  coefficients.  These 

matrix  equations  are  of  dimension  N  *N  by  N  *N  .  where 

e  p  c  t 

the  number  of  channels,  radial  mesh  points,  and  basis 
functions  are  given  by  N  ,  N^,  and  respectively. 
Third,  we  impose  the  LS  constraint  that  the  square  of 
the  error  be  a  minimum  with  respect  to  variations  of 
the  linear  expansion  coefficients.  This  constraint 
leads  to  a  second  set  of  linear  equations  in  terms  of 
square  matrices  of  order  N^xN^.  We  solve  this  system 
of  equations  by  standard  linear  algebraic  techniques. 
One  particular  advantage  of  the  LS  approach  is  the 
ability  to  extract  the  error  in  the  solution  at  each 
radial  point  rather  than  as  a  averaged  quantity.  This 
allows  a  systematic  evaluation  of  the  validity  of  the 
basis  in  each  region  of  space  and  can  lead  to  a  better 
choice  of  expansion  functions. 

We  have  applied  the  procedure  to  local  sets  of 
coupled  differential  equations  in  various  scattering 
regions.  In  the  internal  region  (R  <■  10  aQ),  we  per¬ 
formed  calculations  on  the  Huck  model  of  coupled  square 
wells.  We  obtained  excellent  agreement  with  the  exact 
results  by  employing  a  basis  of  four  or  five  simple 
polynomials  and  radial  meshes  of  ten  to  twenty  points. 

We  also  applied  the  technique  to  the  intermediate- 

asymptotic  scattering  regime  (R  >  R  *  10  a  ).  Our 

a  2  ° 

basis  resembled  the  standard  Burke-Shey  form,  con¬ 
sisting  of  inverse  powers  the  radial  variable  modu¬ 
lated  by  a  Bessel  or  Coulomb  function.  The  LS  solu¬ 
tions  at  the  inner  boundary  were  matched  to  the  R- 
matrix  (function  and  derivative)  obtained  from  a  linear 
algebraic  calculations  in  the  internal  region  (R  <  Ra> 
in  which  exchange  and  correlation  effects  were  in¬ 
cluded.  Since  the  correct  asymptotic  form  is  contained 
in  the  LS  so  1  tit  ions ,  this  matching  leads  directly  to 
the  determination  of  the  reactance  matrix  K.  We  have 
applied  the  LS  formulation  to  inelastic  scattering  of 
electrons  by  I.i,  Be*,  and  0  ^  and  to  elastic  scattering 
from  H,,  N. ,  and  LiF.  Radial  meshes  of  fifty  points 

l  L 


and  expansions  of  five  or  six  terms  were  sufficient  to 
produce  accurate  scattering  information.  The  computa¬ 
tional  times  are  comparable  to  those  for  new  asymptotic 
methods  involving  the  combination  of  propagation  and 

4 

accelerated  expansions  and  generally  much  faster  than 
pure  propagation  prescriptions . 

Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  through  the  Los  Alamos  National 
Laboratory . 
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EXCITATION  OF  THE  31,3P  STATES  OF  MAGNESIUM  BY  ELECTRON  IMPACT* 

+  +  ,  +  + 

G.D.  Menezes  ,  C.B.  Pagan  and  L.E.  Machado 

+Instituto  de  Fisica  "Gleb  Wataghin" ,  Universidade  Estadual  de  Campinas,  13100  Campinas,  SP  BRAZIL 
++Departamento  de  Fisica,  Universidade  Federal  de  Sao  Carlos,  13560  Sao  Carlos,  SP  BRAZIL 

Total  and  differential  cross  sections  for  the  ine¬ 
lastic  scattering  of  electrons  off  Magnesium  atoms  are 
calculated  for  the  excitation  of  the  3**  P  atomic  levels 
at  intermediate  incident  electron  energy.  The  general 

method  used  was  the  First  Order  Many  Body  Theory  of 
1  .23 

Csanak  el  al  .  Previous  studies  *  have  shown  some 
instabilities  in  the  calculation  of  the  Mg  scattering 
orbitals.  Using  the  Linear  Algebraic  technique,  Collins 
and  Schneider^  have  developped  a  computer  code  that  does 
not  show  these  instabilities.  We  used  that  code  in 
obtaining  the  scattering  solutions.  The  relevance  of  the 
inclusion  of  correlation  effects  in  the  ground  and 
excited  states  is  discussed.  Also  we  calculated  the 
orientation  and  alignment  parameters  A  and  x  that  can  be 
measured  by  coincidence  experiments.  Our  results  are 
compared  with  both  theoretical5  and  experimental6 
results  available  in  the  literature. 
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ANCULAR  MOMENTUM  TRANSFER  IN  ELECT RON- HELIUM  COLLISIONS 

J,F.M.  Beijers,  J.  van  Eck,  P.A.  Zeijlraans  van  Emmichoven,  H. G.M.  Heideman 

Fysisch  Laboratorium,  R1 jksuniversitelt  Utrecht,  Princetonplein  5, 

3584  CC  Utrecht,  The  Netherlands. 


In  this  contribution  we  will  report  on  the  2*P  and 
3*P  excitation  of  helium  by  electron  impact.  We 
measured  angular  correlations  between  the  scattered 
electrons  and  emitted  photons,  which  yields  the 
nbsolute  value  | <L> (  of  the  transferred  angular 
momentum.  In  fig.  la  | <L> I  is  plotted  as  a  function  of 
the  electron  scattering  angle  for  2*P  excitation  at  80 
eV.  There  is  a  clear  indication  for  a  node  in  |<L>|  at 
an  angle  of  60°.  This  gives  strong  evidence  for  a  sign 
reversal  of  <L>  at  that  angle,  in  agreement  with  a 
circular  polarisation  measurement  of  the  2*P  ♦  l^S  VUV- 
photons^.  We  also  performed^  the  same  measurements  at 
incident  beam  energies  of  50  and  60  eV,  where  no  sign 
reversal  was  found. 

For  3^P  excitation  we  measured  angular 
correlations  between  the  scattered  electrons  and  the 
3*P  +  1*S  coincident  VUV-photons  at  80  eV.  The 
contributions  of  3*S  and  3 1 D  scattered  electrons,  due 
to  the  insufficient  energy  resolution,  to  the 
coincidence  signal  can  be  neglected  at  this  energy.  In 
fig.  lb  a  compilation  of  the  existent  data  at  80  eV  is 

given.  The  data  points  of  Beyer  et  al.5  were  obtained 
with  a  circular  polarization  analysis  of  the  3^P  +  2 1 S 
photons,  so  they  got  the  sign  as  well  (a  positive  sign 
for  angles  smaller  than  73*  and  a  negative  sign  for 
larger  angles).  From  our  measurements  we  conclude  that 
a  sign  reversal  occurs  at  an  angle  of  about  65*.  Beyer 
also  performed  a  circular  polarization  measurement  at 
50  eV ,  in  which  case  they  also  found  a  sign  reversal. 

We  can  understand  these  results  qualitatively  with 
a  classical  grazing  model^,  in  which  a  positive  <L>  is 
associated  with  an  attractive  electron-atom  interaction 
and  a  negative  <L>  with  a  repulsive  interaction.  A 
zero-crossing  of  <L>  thus  reflects  a  sign  reversal  of 
the  interaction  potential.  From  a  quantummechanical 
analysis5  follows  that  <L>  changes  sign  if  the 
Interaction  between  the  electron  and  the  atom  changes 
sign.  However,  an  attractive  potential  does  not 
necessarily  lead  to  a  positive  <L>  and  vice  versa,  as 
is  the  case  in  the  classical  model.  The  following 
picture  now  emerges.  At  80  eV  and  large  impact 
parameters  (small  scattering  angles)  the  attractive 
polarization  force  dominates  the  electron-atom 
interaction  and  leads  to  a  positive  <L>.  As  the 
scattering  angle  increases  the  collisions  become  more 
violent  and  the  repulsive  interaction  with  the  core¬ 
electrons  will  become  more  and  more  important,  finally 


dominating  the  electron-atom  interaction  at  the  larger 
angles.  Thus  at  some  scattering  angle  we  may  expect  a 
sign  reversal  in  <L>.  Due  to  the  larger  polarizability 
of  the  3lP  state  this  sign  reversal  will  probably  occur 
at  a  larger  scattering  angle  than  in  the  2*P  case.  For 
lower  energies  the  incident  electrons  will  on  the 
average  approach  the  atom  less  closely  so  that  it  may 
be  expected  that  the  attractive  polarization  force  can 
dominate  the  interaction  over  the  full  angular  range 
and  no  sign  reversal  occurs.  Measurements  for  3^P  at  50 
and  60  eV  are  in  progress  now. 

We  wish  to  thank  Dr.  H.J.  Beyer  who  send  us  his 
results  prior  to  publication. 
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FICURE  1  Variation  of  |<L>I  as  a  function  of  electron 
scattering  angle  at  80  eV.  a)  2*P  excitation.  ., 
present  data;  A,  Hollywood  et  al.  (1979)  at  81.2  eV;  x, 

Slevln  et  al.  (1980);  -  ,  R-matrix  calculation  of  Fon 

et  al.  (1980)  at  81.6  eV.  b)  3 1 P  excitation.  .,  present 
data;  O  ,  Eminyan  et  al.  (1976);  x,  McAdams  et  al. 
(1982);  A,  Beyer. 


ANGULAR  DEPENDENCE  OF  THE  ENERGY  LOSS  SPECTRA  FOR  ARGON 
BY  INTERMEDIATE  ENERGY  ELECTRON  IMPACT 


G.  Gerson  B.  de  Souza,  Heloisa  M.B.  Roberty,  C.A.  Lucas  and  C.E.  Bielschowsky 

Instituto  de  Quimica  da  Universidade  Federal  do  Rio  de  Janeiro 
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As  an  initial  step  to  the  determination 
of  doubly  differential  cross  sections  for  the 
scattering  of  intermediate  energy  (1.0  keV) 
electrons  by  Argon  atoms  we  have  obtained  an 
extensive  set  of  energy-loss  spectra  in  the  an 
gular  range  of  2  to  20  degrees. 

We  have  used  a  crossed-beam  type  elec¬ 
tron  energy-loss  spectrometer  which  has  been 
described  earlier1.  It  features  a  Mollenstedt 
electron  velocity  analyzer  and  a  triode  gun  as 
the  electron  source. 

In  figure  1  we  present  two  typical  spec¬ 
tra,  measured  at  4°  and  12°.  The  incident  ene£ 
gy  is  1.0  keV,  the  energy  resolution  is  appro¬ 
ximately  1.4  eV  and  the  energy-loss  range  is 
0-100  eV. 


ENERGY  LOSS  (  ■  v) 


FIGURE  1  -  Electron  energy-loss  spectra  of  ar¬ 
gon  at  1  keV 

The  differential  cross  section  for  the 
excitation  to  the  3p5  (4s, 4s')  unresolved  le¬ 
vels  (11.8  eV  energy  loss)  has  also  been  mea¬ 
sured  and  normalized  to  the  elastic  absolute 
values  of  Jansen  et  al2.  The  corresponding  ge¬ 
neralized  oscillator  strengths  are  shown  in  fi_ 
gure  2  along  with  the  Born-type  calculations 
of  Ganas  and  Green3. 

Assuming  a  103  experimental  error  one 
can  see  a  quantitative  agreement  with  the  theo 
retical  values  for  K2  <  0.4  u.a.  For  larger  K2 
values,  however,  a  poor  agreement  is  observed 


This  could  in  principle  be  related  to  a  possi¬ 
ble  failure  of  the  Born  Approximation  or  to  an 
inadequate  representation  of  the  involved  ex¬ 
cited  states.  There  can  also  be  some  contribu¬ 
tion  to  the  measured  intensity  at  11.8  eV  from 
the  3p^(4p,  4p')  states. 

A  very  interesting  angular  behaviour  can 
also  be  observed  (Fig.l)  for  the  autoionizing 
states  of  Argon  which  appear  around  27  eV  ener 
gy-ioss _ 


FIGURE  2  -  COS  for  the  excitation  to  the 
3P5  (4s  ,4s  ’  )  levels  . 
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A  STEPWISE  ELECTRON  AND  LASER  EXCITATION  STUDY  OF  THE  6JP2  METASTABLE  STATE  OF  Hg 
C.J.  Webb,  W.R.  MacGillivray  and  M.C.  Standage 
School  of  Science,  Griffith  University,  Nathan,  4111,  Queensland,  Australia 


r  f  (1-4) 

In  a  series  of  papers  we  have  reported  on 


experimental  and  theoretical  studies  of  stepwise 
excitation  processes  which  use  a  combination  of  electron 
excitation  followed  by  laser  excitation  of  atoms  to 
determine  atomic  collision  parameters.  Here, 
experimental  results  are  reported  for  a  stepwise 
excitation  study  of  the  63P2  metastable  state  of  Hg  in 
which  the  relative  partial  total  cross-sections  have 
been  determined  for  the  Zeeman  substates.  The  use  of  a 
single-mode  c.w.  dye  laser  and  atomic  beam  techniques 
allowed  information  to  be  obtained  for  particular 
isotopes  of  Hg,  in  this  case  the  200  isotope. 


The  excitation  scheme  used  in  this  experiment 
involved  electron  impact  excitation  of  ground  state  Hg 
atoms  to  the  63p2  state  followed  by  further  excitation 
usinq  546.1  nm  laser  radiation  to  the  73Si  state. 
Fluorescence  is  monitored  from  stepwise  excited  atoms 
decaying  to  the  63Po  state.  Details  of  the  experimental 
arrangement  are  given  elsewhere^ ' .  The  excitation 
geometry  consists  of  anti-collinear  electron  and 
linearly  polarized  laser  beams  (polarised  at  angle  & 
to  the  vertical)  with  the  fluorescence  being  detected  at 
right  angles.  Polarisation  measurements  were  performed 
with  a  linear  polariser  at  angle  B  to  the  horizontal. 
Care  was  taken  to  eliminate  sources  of  systematic  error. 
Because  the  63P2  state  is  metastable  the  laser  ey.cited 
63P2“73Si  (546.1  nm)  transition  saturates  at  low  j>ower. 
These  effects  were  eliminated  by  working  at  very  low 
laser  power  (0.2  mWmm  ‘).  Radiation  trapping  effects 
were  found  to  be  negligible,  however,  because  of  the 
long  63P<  state  lifetime,  determined  by  the  transit  time 
of  the  atoms  through  the  laser  beam  (~5us) ,  polarisation 
measurements  were  found  to  be  very  sensitive  to  small 
magnetic  fields. 


Stepwise  fluorescence  line  polar isat ions  were 
measured  over  a  range  of  electron  beam  energies  from 
5.25  to  6.75  eV.  The  line  polarisation  is  related  to 
the  partial  total  cross-sections  of  the  63P2  state  by^ 


p  _  6Pil/Poo  ~  6P22/P00  ~  (1  +  Cos2a) 
(a)  to  11 /poo  +  6022/P0Q  +  (1  +  Cos2a) 


where  oxx  are  the  partial  total  cross-sections  for  the 
Zeeman  substates.  Measurements  of  P(a)  for  two  values 
of  laser  polarisation  angles  a  =  0®  and  a  =  90®  enables 
the  ratios  of  the  partial  total  cross-sections  to  be 


determined.  Experimental  values  are  shown  in  the 
figure  for  the  200-isotope  63P2  state.  Measurements 


are  compared  with  the  results  of  a  recent  close 

.  (5) 


coupling  calculation  by  Scott  et  al  .  Agreement  is 
reasonable  with  the  energy  spread  of  the  electron  beam 
precluding  observation  of  the  sharp  rise  in  the 
theoretical  curves  at  threshold. 
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STUDY  OF  ELECTRON  IMPACT  EXCITATION  OF  METASTABLE  MERCURY  STATES 
USING  STEPWISE  ELECTRON-PHOTON  EXCITATION 


1-ml  I 


GF  Hanne,  V  Nickich,  and  M  Sohn 

Physikalisches  Institut,  Universitat  Munster,  Domagkstr.  75.  0-4400  Munster,  West  Germany 


The  population  of  the  metastable  Hg  (6JPQ  2)  states  which 
have  been  excited  by  electron  impact  with  unpolarized 
electrons  has  been  studied  using  stepwise  electron-photon 


excitation  and  observation  of  fluorescence  emission. 


excitation-emission  scheme  is  illustrated  in  figure  1. 


Mercury  atoms  are  excited  from  the  ground  state  to  the 
63PQ  state  (a)  or  6^P2  state  (b)  by  electron  impact.  The 
electron  beam  was  produced  by  a  directly  heated  LaB, 


cathode  followed  by  a  monochromator  and  a  lens  system 
which  enabled  the  electron  beam  to  operate  at  collision 


energies  between  4  and  8  eV.  The  second  step  was  a  laser 
transition  (hvL)  from  e.g.  Hg  (63Pq)  to  Hg  ( 73S 1 )  (Fig. 
1(a)).  The  laser  photons  were  produced  by  a  pulsed 


excimer/dye  laser  system.  The  fluorescence  emission  (hVf) 
IT  ' 

from  Hg  (7  )  to  Hg  (6  P2)  was  detected  by  a  photon 

analyzer  system  which  consisted  of  a  linear  polarization 
analyzer,  an  interference  filter  to  select  one  of  the 
7  S, — 5»  (6  Pn  .  ,)  transitions  and  a  photomultiplier 


The  intensity  of  fluorescence  emission  is  given  by: 


where  QM  is  the  total  excitation  cross  section  of 


magnetic  sublevel  with  quantum  number  M.  and  the  cM 


depend  on  geometry,  the  laser  polarization  PL  and  the 


position  of  the  polarization  analyzer  described  above. 
The  intensity  of  fluorescence  emission  is  a  measure  of 
the  excitation  function,  and  by  rotating  the  linear  laser 
polarization  as  well  as  the  polarization  analyzer  the 
ratios  C^/Qq,  Oj/Qg  3nt^  C3n  obtained. 

The  results  are  shown  in  fig. 2.  The  excitation 


functions  are  compared  with  calculations  of  Scott 
et  al1  (R-matrix  approach  with  spin  orbit  interaction 


terms  in  the  Hamiltonian,'.  The  rnsjlts  for  Qy'0{r  0,'Qq 
and  Q^/Q ,  for  electron  imoact  excitation  of  the  6^P-, 


V  .  X  V  1 

Ay-s-.-.-.i 


state  are  compared  with  calculations  of  Bartschat  . 
The  experimental  ratios  are  larger  than  the  calculated 
ones  but  the  general  behaviour  is  reproduced.  The  sharp 
decrease  of  the  theoretical  values  close  to  excitation 
threshold  could  not  be  observed  in  the  experiment  because 
of  the  limited  energy  resolution  of  the  electron  beam 
(about  180  meV) . 
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A  DENSITY  FUNCTIONAL  APPROACH  TO  ELECTRON -MOLECULE  RESONANT  SCATTERING 
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-  Accurate  methods  have  been  developed  for 
treating  exchange  and  correlation  effects  in  electron 
scattering  by  simple  atomic  or  molecular  targets.  Ho¬ 
wever,  the  need  for  simple  models  remains  obvious, 
especially  for  developing  extended  calculations  at  a 
qualitative  level  of  accuracy  on  series  of  molecules 
including  heavy  ones. 

-  Density  functional  theory  provides  a  very 
attractive  description  of  exchange  and  correlations  in 
the  grcund  state  of  any  N-electron  system.  For  a  clo¬ 
sed  shell  molecule  a  one ^lectron  effective  potential 
V  „  <?  may  be  derived  by  minimising  the  total 
energy  with  respect  to  the  density  n  if’!  : 


(?)  .fn( rMdr?'  + 


Exchani:e  and  correlation  are  represented  by  the  first 
derivative  of  an  unknown  functional  of  the  density. 
Within  the' local  density  approximation' ,  we  use  the 
exchange-correlation  functional  ^lculated  for  a 
paramagnetic  free  electron  gas  ,  and  evaluate  it  at 
each  point  from  the  density  n(rg  occuring  in  the 
real  system  at  this  point.  For  an  open  shell  molecule, 
a  one  electron  effective  potential  (f)  is  simi¬ 

larly  derived  for  each  spin  orientatfon  £ ,  by  minimi¬ 
sing  the  total  energy  with  respect  to  the  spin  density 
2X2  matrix  whose  diagonal  elements  we  note  ^  (r)  : 

V,fc..  (?)  =  V  (?)  +\  n ) dr'  +  dE 
cff  nuc  J-xc 

n(7)  =  £  (?)  +£  (?)  ^ 

Within  the  'local  spin  density  approximation'  ,  we  use 
the  exchange  correlation  functional  calculated  for  a 

FIGURE  1  FIGURE  -2 
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spin  polarized  free  electron  gas,  and  evaluate  it  at 
each  point"?  from  the  spin  densities  ^  (?}  occuring 
in  the  real  system  at  this  point. 

-  Following  previous  work  from  Padial  ^  ,  we 
are  then  studying  the  use  of  these  exchange  correla¬ 
tion  potentials  in  electron  scattering  by  molecules. 

-  The  limitations  of  the  method  are  threefold  : 
the  only  channel  of  interest  in  the  collision  process 
must  be  the  molecular  ground  state.  The  colliding  elec 
tron  must  have  sufficiently  low  energy  to  be  approxi¬ 
mately  equivalent  to  an  'average'  target  electron.  We 
can  relax  this  constraint  a  bit  by  multiplying  the 
exchange  correlation  potential  by  the  energy  dependent 
factor  F f  koV which  is  derived  from  Slater's  calcula- 

\  K Tl 

tion  of  the  exchange  potential  in  a  plane-wave  model  , 
and  evaluating  it  in  a  local  density  approximation 
(figure  1).  The  method  provides  the  short  range  part 
of  the  correlation  potential  only,  which  must  then  be 
joined  to  the  well  known  long  range  part  often  refer¬ 
red  to  as  the  polarisation  potential  (figure  2). 

-  The  density  functional  model  has  considerable 
advantages  compared  to  other  simple  models  :  it  provi¬ 
des  a  parameter-free  correlation-polarisation  poten¬ 
tial  .  Exchange  and  correlation  are  described  coheren¬ 
tly.  Open  shell  targets  may  be  treated  very  simply 

by  the  use  of  the  spin  polarized  formalism.  We  will 
f'tudy  the  validity  of  the  correlation  polarisation 
model  bv  comparing  exact  exchange  calculations  of  the 
2,3  eV  "ng  resonance  in  N2  without  correlation,  and 
with  the  present  model,  in2 its  plain  or  energy-depen¬ 
dent  form.  We  will  assess  similarly  the  reliability  of 
the  exchange  potential  by  comparing  the  location  ob¬ 
tained  for  the  N  2  rig  resonance  using  our  best  corre¬ 
lation  potent ialand  various  representations  for  ex¬ 
change  :  the  quasi  exact  'separable  approximation', 
the  Hara  free  electron  gas  model ,  and  the  present  one 
again  in  its  plain  or  energy-dependent  form.  We  will 
compare  the  results  of  the  spin-independe^»t3and  spin- 
polarized  formalisms  in  the  case  of  the  *  Tl  ,  15eV 
resonance  in  the  open  shell  NO  molecule  (figure  3) . 
Preliminary  results  in  an  'extended  Hara  exchange  + 
energy  independent  correlation-polarisation'  model  are 
displayed  in  figure  4.  Detailed  results  will  be  presen 
ted  at  the  Conference. 
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Recent  developments  in  experimental  techniques  have 
led  to  measurements  of  an  increasing  number  of  cross 
sections  for  electron-molecule  collisions  to  an  increas¬ 
ing  accuracy.  The  cross  sections  for  state-to-state 
rotational  transitions,  rather  than  the  averaged  cross 
section,  are,  however,  extremely  difficult  to  measure 
directly.  This  is  because  the  energy  resolution  of 
electron  spectrometers  is  too  low  to  resolve  rotational 
lines,  which  are  closely  spaced,  in  the  energy-loss 
spectra.  Reliable  theoretical  calculations  are  too 
cumbersome  to  carry  out  for  many  different  initial  and 
final  rotational  states;  molecules  are  normally  distri¬ 
buted  among  many  different  rotational  states.  One  of 
the  present  authors,  however,  ha3  noted  that  most  mole¬ 
cules  occupy  high-lying  rotational  states  J,  and  has 
derived  simple  formulas  for  the  cross  sections  for  tran¬ 
sitions  of  linear  and  spherical-top  rotators  from  high 

1  2 

rotational  statea  J  to  high  rotational  states  J'=J t  fj.  ' 
The  main  virtue  of  these  formulas  is  that  they  give  the 
cross  sections  for  the  transitions  for  any  high  J 
in  terms  of  a  single  unknown  parameter  independent  of  J. 
The  present  work  is  a  generalization  of  these  formulas 
for  transitions  of  symmetric-top  rotators. 

Main  results  for  the  transitions  of  linear  rigid 
rotators  are  first  summarized.  Assume  that  the  collision 

time  is  much  shorter  than  the  rotational  period,  which 
1 2 

is  of  the  order  of  vio  ‘‘•s.  This  assumption,  namely,  the 
sudden  collision  assumption  is  equivalent  to  the  assump¬ 
tion  that  the  electron  temperature  be  higher  than  the 
rotational  temperature.  Without  any  further  approxima¬ 
tions  it  follows  for  J»|AJ|  that^ 

do(J-Ji*J)/dw  *  C(  [ AJ  )[1i(4j/2)j-'l+0(j-2)).  (1) 

The  two  cross  sections  dc(J-*J±AJ)/duj  plotted  versus  J 
approach  a  value  C(|aJ|)  common  to  both  as  J-*®°,  one  from 
above  and  the  other  from  below  in  a  manner  nearly  sym¬ 
metric  with  respect  to  the  horizontal  line  that  aims  at 
the  limiting  value.  The  sum  of  the  two  cross  sections 
do(J-»J±AJ)/du.  is  2C( ,  AJ  )  [  1  ♦  0(  J“^)  ]  and  is  nearly  inde¬ 
pendent  of  J  for  high  J.  This  partial-sum  rule  is  to  be 
compared  with  Drozdov's  sum  rule  that  the  sum  of  do(J- 
J')/d over  all  J'  is  a  constant  independent  of  J.^ 

Because  the  rotational  energy  Er(J)  is  BJ(J+1),  B 
being  the  rotational  constant,  the  transition  energies 
AE  for  a  fixed  value  of  AJ  are  linear  in  J.  Therefore, 


the  cross  sections  (AE)do(J-*J±/.J)/dx  for  energy  loss  by 
the  electron  increases  with  J  in  proportion  to  J  for 

high  J.  The  sum  of  the  two  energy-loss  cross  sections 

1  2 

for  J'=JiAJt  however,  is  nearly  constant  for  high  J.  ** 
This  is  to  be  compared  with  the  recently  proven  sum  rule 
for  the  energy-loss  cross  section.^*^ 

We  have  generalized  these  results  for  symmetric-top 
rotators.  They  have  a  well-defined  quantum  number  K  (-J 
<K<J)  for  the  projection  of  the  rotational  angular  mo¬ 
mentum  onto  the  body-fixed  symmetry  axis.  We  have  proved 
the  following  high-J  formulas: 

d"(JK-»J± AJ,K')/du>  =  C(  J  )[1±(AJ/2)J-1+0(J-2)]  (2) 

for  transitions  with  K  =  K*  and 

do(JK-JK')/du,  =  A(AK)[1+0(J-2)],  (3) 

a-  (JK-Ji.\J,K')/du.  =  A(  J  ,  K) 

x[U(  J/2JJ-1  •U2siK‘K’)A,(  J  ,  K)  »0'  J-2) :  ;;; 

for  any  K  and  K',  where  s  =  sign(K-K' ).  If  the  rotator  has 
a  plane  of  symmetry,  A(AK) ,  A(  J  ,  :X),  and  A'(  J  ,  '  K) 
are  independent  of  the  sign  of  .K-K'-K.  Equation  (2) 
involves  only  one  parameter  that  is  common  to  all  values 
of  J  and  K.  Equation  (3)  depends  only  on  A  K  and  not  on  J 
or  on  K.  Equation  (4)  expresses  all  cross  sections  in 
terms  of  only  two  parameters  that  depend  only  on|'j| 
and  'K  and  not  on  J  or  K.  In  all  of  these  cases  the  two 
cross  sections  for  J'=Jt‘J  approach  the  same  limit  as 
J-x®,  one  from  above  and  the  other  from  below  in  a  nearly 
symmetric  way,  as  in  the  case  of  linear  rotators. 

These  results  are  applicable  to  rotational  transi¬ 
tions,  in  the  sudden  approximation,  due  to  collisions 
with  electrons,  positrons,  atoms,  and  ions,  to  photo¬ 
absorption,  and  to  photoionization. 
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The  accurate  treatment  of  electron-molecule  inte¬ 
ractions  starting  from  first  principles  has  been  so  far 
a  rather  elusive  result  unless  simple  diatomics  were 
considered.  Even  for  such  cases,  however,  the  computa¬ 
tional  efforts  have  been  rather  massive  and  limited,  as 
a  consequence,  the  range  of  energies  which  could  be 

considered  during  the  scattering  process. 

1,2 

A  few  years  ago  we  begun  a  series  of  studies 

on  polyatomic  molecules  by  performing  a  parameter-depen- 

dent  calculation  of  the  full  interaction  and  found 

reasonable  agreement  with  the  available  experimental 
3 

data.  More  recent  efforts  have  modifies  in  the  model 

the  way  in  which  polarisation  and  correlation  forces 

4 

are  included  so  that  both  molecules  of  the  AH  type 

5  .  "  .  . 

and  diatomics  can  be  treated  via  a  fully  ab-initio  po¬ 
tential  form. 

In  the  present  study  we  have  addressed  the  problem 
by  performing  the  following  steps: 

(i)  The  target  wavefunct ions  were  generated  at  the  SCF 
level  by  using  a  one-centre-expansion  (OCE)  of  a 
large  set  of  Slater  orbitals,  so  that  a  fairly  rea¬ 
listic  description  of  the  static  interaction  was  ob- 
tamed  ; 


(ii)  The  exchange  interaction  was  obtained  from  the  Hara 
and  the  asymptotically  adjusted  versions  of  the  free 
electron-gas  (FEGE)  exchange  approximation  introdu¬ 
ced  earlier  for  polyatomic  targets^; 

(iii) The  polarisation-correlation  potential  was  generated 

via  the  molecular  density  obtained  in  (i),  within 

the  local  electron-gas  theory  for  the  short-range  re 

gion  and  via  the  asymptotic  form  of  the  polarisation 

8 

potential  m  the  long-range  region. 

(iv)  Rotationally  inelastic  cross  sections,  integral  and 
differential,  were  obtained  at  high  collision  ener¬ 
gies  (above  20  eV)  in  the  lab.  frame  and  via  the  IOS 
decoupling  scheme.  In  the  low  energy  region  (down 

to  <  1  eV),  total  cross  sections  were  computed  <• 
within  the  Fixed  Nuclei  approximation.  Some  of  the 
preliminary  results  are  shown  in  Figure  1  for  the 
HF  molecule,  where  one  sees  the  direct  bearing  that 
molecular  change  distributions  have  on  the  behavi¬ 
our  of  the  exchange  potential  at  various  collision 

energies.  Further  results  on  CH  and  H.O  will  be 

4  2 

presented  at  the  Conference. 
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EFFECTS  OF  COMBINED  KANIFESTATION  OF  DIRECT  AMD  RESONANT  INTERACTION 
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The  dissociative  attachment  (DA)  and  scat¬ 
tering  of  slow  electrons  on  molecules  are  con¬ 
sidered  with  help  of  Heitler-type  equation  for 
the  collision  T-operator 

T  *  K  -ikZitvXtriT  cu 

£u 

Here  /*•>  =  'feX,  -  %  Ytm.  • 

He  i  is  the  radial  wave  function  of  the  free 
e,e  c- 

electron  normalized  to  the  o  -function  of 

energy,  Ygm-  is  its  angular  function  with  the 

quantization  axis  directed  along  the  molecule 

XT ,  Xv  is  the  vibrational  wave  function, 

is  the  electron  energy  in  o'  -th  channel.  The 

sum  in  (1)  is  taken  only  over  open  channels 

c  iv>o  ). 

For  the  K-matrix  we  use  such  representation 
whicn  provides  to  establish  the  direct  connec¬ 
tion  of  the  phenomenological  parameters  of  the 
dynamic  theory  with  the  molecular  adiabatic 
terms 


(2) 


V  is  the  operator  of  electron-molecule  inte¬ 
raction,  Y/  ah'!  are  the  electron  wave 

function  and  C-reen's  function  which  describes 
the  nuclear  motion  in  fi  -th  dissociative 
channels.  The  sum  £  refers  to  dissociative 
channels,  ijlcty  =  .57^  Yjt J~cl  *  where  the 

nuclear  function  is  taken  at  the  energy  E  , 
received  by  the  nuclei  in  accordance  with  the 
energy  conservation  law.  The  eq. (1 )  is  equiva¬ 
lent,  as  may  be  shown,  to  equation 

T-K-ikZ  !&><?*!  T  -  cKL  'fpJ'HpllT 

eu  fi  (5 ) 

which  takes  into  account  the  dissociative 
channels  on  equal  grounds  with  the  scattering 
ones.  Here 

The  following  relation  between  the  function 
///>  and  //</>  takes  place  ki/Jv  =  i////> . 
The  scattering  and  DA  of  slow  e'cctrcns  are 


described  by  the  amplitudes  ]Z. 


ec.e'u' 


and 


Tet'.jiJ  ,  and  collisional  transitions 

X~  +  Y  -(€  +  XY)-  X  +  Y~ 

by  T/ut.jeJ  respectively,  '..bile  neglecting  c 

the  inelastic  background  processes  wren 

u,e>  -  is'*'  X 

'  * dn; t?e  ■ 

we  get  fren  eq.  (1  )  (at  fixed  H  )  the  Sards. ley 
equation  /I/  with  nonlocal  optical  potential 

/y>/^5r  <Vi  ^  ™ 

(VeA  . 

It  is  important,  however,  to  point  out  that 
the  potential  U.  rains  an  additional  (shift) 
term  due  to  background  scattering  which  is 
lacking  in  the  configuration  interaction  theo 

ry. 

To  illustrate  the  role  of  inelastic  back¬ 
ground  scattering  let  us  take  the  expression 
for  amplitude  of  DA  of  exccuron  tc  a  non- 
exoited  molecule  at  oo  <.  E  <2.6;  (  60  is 

the  vibrational  quantum  of  XY,  A  =  =  e  = 

1) 

•-p  _  YgepJ  (’/*’<■  Kd'Hi)  ~ 1  Yfa/c  KfajJ 

(^lKectc)(lrlKe^)  rK<t< 

It  is  shown  the  .inelastic  background  scat¬ 
tering  may  increase  the  probability  of  DA  by 
means  of  direct  vibrational  excitation  of  mo¬ 
lecule  and  its  subsequent  decay  off  this  stat 
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We  have  recently  used  a  parameter-free  ab  Initio 

model  to  study  low  energy  electrons  with  linear  mole- 
1  2 

cules.  *  In  this  model,  the  total  interaction  poten¬ 
tial  is  composed  of  an  exact  static  potential  plus  a 
parameter-free  correlation-polarization  potential.  Ex¬ 
change  is  treated  exactly  through  a  separable  exchange 
approximation.  This  model  has  been  highly  successful 
in  reproducing  shape  resonances,  in  particular  the 
well-known  ilg  resonance  in  N2*1 

This  model  applied  to  the  isoelectronic  molecule 

3 

HCN  yielded  a  similar  II  resonance,  which  is  consistent 
with  experiments.**  The  shape  of  the  n  resonance  as  a 
function  of  internuclear  distance  is  qualitatively  very 
similar  to  that  of  the  N2  Kg  resonance.  Its  position 
at  equilibrium  (in  linear  geometry)  is  about  0.4  eV 
above  the  measured  position,  suggesting  that  the  geome¬ 
try  of  the  HCN'  is  substantially  bent.  A  broad  E  reso¬ 
nance  is  obtained  when  the  CH  or  CN  bonds  are  stretched 
well  beyond  Rg;  the  former  appears  to  cross  the  neutral 
curve  at  about  2.7  a.u. ,  i.e.,  about  0.5  eV  below  the 
H  +  CN~  asymptote,  the  latter  to  approach  the  neutral 
curve  much  more  slowly  and  tangentially. 

Another  isoelectronic  diatomic  molecule  is  CO, 
which  is  a^so  known  to  have  a  n  structure  at  1.8-1. 9  eV; 
the  width  of  this  resonance,  as  estimated  from  measure¬ 
ments'*  of  the  vibrational  excitation  cross  section, 
is  roughly  1,0  eV.  There  have  been  several  proof-of- 
principle  static-exchange  calculations  for  CO,  but 
these  fail  to  predict  the  correct  position  or  width  of 
the  IT  resonance.  Neglect  of  correlation  and/or  polar¬ 
ization  effects  In  the  interaction  potential  was  pre¬ 
sumed  responsible.  The  IT  resonance  was  also  obtained 
in  earlier  calculations,^  in  which  its  position  was 
used  to  tune  the  cut-off  parameter  In  a  semiempirical 
polarization  potential.  In  that  work,  the  exchange 
interaction  was  approximated  by  enforcing  orthogonality 
of  bound  and  continuum  orbitals  of  like  symmetry.  Re¬ 
cent  calculations^  employing  an  ab  initio  treatment  of 
exchange  and  short-range  polarization  effects  yielded 
much  better  agreement  (Er  =  1.72  eV  and  P  =  0.75  eV) 
with  measurements. 

The  present  work  is  the  first  for  CO  to  Include 
both  an  exact  treatment  of  exchange  and  a  parameter- 

*Staff  Member,  Quantum  Physics  Division,  National 
Bureau  of  Standards. 


free  model  of  the  correlation-polarization  interaction 
(both  long-  and  short-range  effects).  We  used  a  large 
CTO  basis  set  in  order  to  get  a  Hartree-Fock  level 
wave  function  for  the  CO  molecule.  This  basis  gave  a 
total  energy  of  -112.7707  a.u.  and  a  dipole  moment  of 
0.099  a.u.  Our  scattering  results  were  first  checked 

o 

against  earlier  work  at  the  static-exchange  level; 
excellent  agreement  was  obtained.  The  position  and 
width  of  the  R  resonance  (converged  to  better  than  1%) 
were  found  to  be  3.30  eV  and  1.90  eV,  respectively. 
When  the  correlation-polarization  potential  was  added, 
the  resonance  position  and  width  changed  to  1.85  eV 
and  0.95  eV,  respectively. 

Results  for  the  resonance  parameters  as  a  func¬ 
tion  of  internuclear  distance,  and  for  total,  momen¬ 
tum  transfer,  and  differential  cross  sections  in  the 
energy  range  10~^  to  10  eV  will  be  presented  and  com¬ 
pared  with  earlier  theoretical  and  experimental  work 
at  the  conference.  The  agreement  with  the  latter  is 
generally  good,  even  at  low  energies.  The  one  excep¬ 
tion  is  the  integral  cross  section  at  the  resonance, 

for  which  our  result  is  about  a  third  larger  than 

q 

measured  values.  This  may  be  due  to  the  fact  that 
the  differential  cross  section  is  strongly  forward 
peaked  at  the  resonance,10  an  observation  confirmed  bv 
our  calculations.  The  measurement  was  taken  using  a 
transmission  technique,  which  discriminates  against 
forward  scattering. 

This  work  was  supported  by  the  U.  S.  Dept,  of 
Energy  (Office  of  Basic  Energy  Sciences). 
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Close-coupling  calculations  of  vibrational ly  elastic 
and  inelastic  scattering  have  been  carried  out  in  the 

multipole-extracted  adiabatic-nuclei  (MEAN)  approxima- 

1  2 
tion,  employing  a  new  parameter-free  model  of  the  cor¬ 
relation-polarization  interaction  jnd  an  exact  treatment 
of  exchange.^  Calculated  differential  cross  sections 
for  vv*  -  00  provide  a  new  absolute  normalization  for 
measurements^  of  cross  sections  for  vibrational  exci¬ 
tation.  Vibrational  excitation  is  quite  sensitive  to 
the  treatments  of  both  correlation-polarization  and 
exchange  ~  the  notations  in  Figure  1  are:  FRA,  first 
Born  approximation;  SE,  with  a  f ree-electron-gas  model 
of  exchange,  ESE,  with  exact  exchange;  COP,  with  cor¬ 
relation-polarization. 
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merging  with  the  neutral  curve  is  stronglv  influenced 
bv  the  long-range  dipole  tail  of  the  potential,  caus¬ 
ing  a  cusp  in  the  real  part  of  the  fixed-nuclei  poten¬ 
tial  energy  curve  of  the  anion  state.  The  threrKnld 
peaks  in  vibrational  excitation  are  therefore  a  direct 
consequence  of  the  polar  nature  of  the  molecule. 

The  present  scattering  calculations  indicate  that 
the  anion  state  merges  with  the  neutral  curve  at  about 
2.6  a . <j . ,  thus  h.7-:"!.R  eV  below  the  H  +  C*  asvmptote. 
This  is  in  sharp  contrast  to  molecular  structure  cal¬ 
culations*'  of  the  hound  anion  potential,  which  vielded 
curves  that  are  essentially  repulsive,  crossing  the 
neutral  curve  roughly  d.2  eV  above  the  asvmptote. 

In  an  attempt  to  resolve  the  difference  between  the 
qualitative  behavior  of  the  1"  potential  curve  con¬ 
sistent  with  the  scattering  results  and  that  found  in 
hound  state  cal ulat ions  ONeil  and  Rosmus  are  tinder¬ 
taking  verv  large  scale  ah  initio  Rorn-Dpnenbeimer 
calculations  on  the  MG  / HC  svstem.  'rbf»  calculations 
are  based  upon  a  flexible  Gaussian  orbital  basis, 
multi-configuration  8CF,  and  a  multi-reference  GT. 

Tn  parallel  witb  this  studv,  we  ar*»  in  the  course 
of  modifying  the  scattering  code  tc  calculate  hound 
sta  es  of  the  HG  e  S”stem;  i.e.,  a  direct  extension 
of  the  scattering  calculations  to  negative  energies 
in  the  fixed-nuclei  approximation.  Both  calculations 
will  focus  on  internuclear  separations  between  2.6  and 
3.8  a.u.,  the  region  in  which  the  J"  and  1  *  potential 
curves  intersect;  results  will  he  presented  at  the  con- 


m  _ 


*  •/  v 

•\/V/ 


Figure  1.  Vibrational  excitation  cross  sections. 


The  calculated  eigenphase  sums  for  sigma  symmetry  as  a 
function  of  internuclear  distance  are  completely  consis¬ 
tent  with  a  model**  postulating  a  single  electronic  state 
of  HC  responsible  for  both  a  bound  state  at  large  In¬ 
ternuclear  distances  and  a  resonance  near  equilibrium. 
According  to  this  model,  the  bound  state  correlates 
asymptotically  with  the  lowest  dissociation  state  (M  + 
CD,  and  is  attractive  near  the  neutral  curve.  The 
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ABSOLUTE  ELASTIC  DIFFERENTIAL  ELECTRON  SCATTERING  CROSS  SECTIONS  FOR  CARBON  MONOXIDE 

C.  Mott  and  J.  Nickel 

University  of  California,  Riverside,  California  92521  USA 


A  program  has  been  initiated  at  Riverside  to  mea¬ 
sure  absolute  electron  impact  differential  scattering 
cross  sections  for  molecular  targets.  The  first  spec¬ 
trometer  which  has  been  constructed  is  a  cross  beam  de¬ 
vice  utilizing  hemispherical  energy  analyzers  and 
cylindrical  electrostatic  optics.  The  instrument  has 
an  energy  range  of  5-100  eV,  and  angular  range  of  -10°- 
120°,  and  an  energy  resolution  of  60  mV.  It  will  be 
used  to  measure  elastic  cross  sections  of  diatomic 
molecules. 

1  2 

Since  we  wish  to  use  the  relative  flow  technique  ’ 
to  place  the  molecular  cross  sections  on  an  absolute 
scale,  considerable  effort  is  being  invested  to  explore 
the  limits  of  accuracy  of  this  technique  in  our  appara¬ 
tus.  In  the  relative  flow  technique,  the  cross  section 
of  species  1  is  compared  to  species  2  through  the  rela¬ 
tion 


'1  ^ >  .  Nel 


2.  S.  Trajmar  and  D.F.  Register  in  Electron-Molecule 
Collisions,  eds.  I.  Shimamura  and  K.  Takayanagi, 
Plenum  Press,  New  York  (1984) 

3.  J.  A.  Giordmaine  and  T.C.  Wang,  J.  Appl .  Phys.  31_, 

463  (1960) 

4  R  H.  Jones,  D.R.  Olander,  and  V.R.  Kruger,  J.  Appl. 
Phys.  40,  4641  (1979) 

5.  D.F.  Register  and  S.  Trajmar,  Phys.  Rev.  A  29,  1785 
(1984) 

6.  H.  Tanaka,  S.K.  Srivastava,  and  A.  Chutjian,  J.  Chem. 
Phys.  69,  5329  (1978) 


V- 


m. 


- ( - )  is  the  DCS,  m  is  the  mass  of  the  molecular  species, 
N  is  the  gas  flow  rate,  and  N  is  the  scattered  electron 

count  rate  at  the  detector.  Theoretical  considera- 
3  4 

tions  ’  show  that  the  above  relation  is  valid  provided 
that  the  flow  rate  condition 

/  V  /m  \V2 


r  v  v  • 

*  w*  ,  ’ 


holds  and  that  the  mean  free  path  of  the  gas  behind  the 
capillary  is  of  the  order  of  the  individual  capillary 
diameter  or  larger.  •  is  the  molecular  diameter.  Ex¬ 
periments  suggest  that  under  appropriate  experimental 
conditions,  equation  1  is  valid  even  for  combinations 
of  flow  rates  which  violate  equation  2. 

Results  of  the  relative  flow  investigation  compar¬ 
ing  neon  and  helium  will  be  presented.  To  give  a 
measure  of  how  well  our  experimental  technique  works, 
these  results  will  be  compared  with  those  of  Register 
and  Trajmar.^  In  addition,  Dreliminary  results  of  the 
elastic  cross  sections  of  C0^  in  the  incident  energy 
range  of  20-100  eV  and  angular  range  lo°-120°  will  be 
presented. 
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R-MATRIX  METHOD  FOR  VI3RATIONAL  EXCITATION  AND  DIS3  JCI ATI VE  ATTACHMEN  T 


P.G.  Burke*#  L.A.  Morgan*  and  C.J.  Noble"* 

•Queen's  University,  Belfast,  N.  Ireland. 

‘‘’Royal  Holloway  College,  Egham,  England. 

*SSRC  Daresbury  Laboratory,  Warrington,  England. 


We  have  extended  the  R-matrix  theory  of  vibration¬ 
al  excitation  and  dissociative  attachment  described  by 
Schneider  et  al^.  The  formalism  has  been  applied  to 
the  case  of  electron  impact  on  N2,  and  H2*  targets 
using  generalized  versions  of  the  multi-centre  R-matrix 
method  with  numerically  defined  continuum  basis  func¬ 
tions  which  we  have  previously  used  for  calculations  at 
fixed  Lnternuclear  separations^ •  In  the  generalised 
R-matrix  approach  the  full  Hamiltonian  of  the  scatter¬ 
ing  system  including  nuclear  kinetic  energy  and  Bloch 
terms  is  diagonalized  within  a  finite  hypersphere  in 
configuration  space  correspon iing  to  values  of  the 
scattering  electron  coordinate  r<a  and  to  values  of  the 

lnternuclear  coordinate  R  such  that  A  <  R  <.  A 

in  out 

The  Hamiltonian  matrix  is  calculated  by  expan  ling  the 
scattering  wavefunction  in  the  form 


■  :  V1- 


.N+1 ; R)  9. . (R)C.  , 
13  13k 


where  y  denotes  a  fixed-nuclear  R-matrix  state,  9  is 

1  O 

a  nuclear  basis  function  and  the  C.  are  variational 

13k 

constants.  Generalized  R-matrices  are  constructed  on 
the  boundaries  of  the  internal  region  and  are  then  used 
to  solve  both  the  electronic  and  nuclear  problems  m 
the  external  region. 


We  have  used  this  approach  t  >  calculate  low  energy 
vibrational  excitation  cr  >ss  sections  for  b->tn  viora- 
tional  excitation  and  dissociative  attachment  cross 
sections  for  e"  -  F-  scattering.  Eigenpn*.*  suns  ir- 
also  calculated.  tn  these  calculations  we  use  •»  stati  ; 
exchange  plus  polarization  model3  and  so  iodide  b-*t* 
resonant  and  non-resonant  effects.  Our  res  ilts  will  be 
compared  to  pro-  us  calculations  and  where  possible  t> 
experiment . 

In  the  1*2  and  ?-  -ases,  crossings  >f  tne  'S  +  1  )- 
electron  R-matrix  states  are  either  absent  at  low 
energies  ( this  was  the  situation  found  by  Schneider 
et  al4  in  their  single-centre  R-matrix  :aiculations  f  ir 
the  e"  -  N2  system)  or  infrequent.  3y  way  of  contrast, 
we  find  for  e“  -  H2*  scattering,  using  a  two-state 
model*3  ,  such  crossings  are  extremely  numerous  and 
simple  extensions  of  the  basic  theory  are  nit  adequate. 
We  conjecture  that  this  situation  will  be  encountered 


frequently  in  multistate  calculations.  We  will  les;ribe 
the  methods  we  have  evolved  to  overcome  these  difficul¬ 
ties  and  present  those  resalts  which  ire  available  by 
the  time  of  the  conference.  Another  feat  ire  which  has 
emerged  from  the  calculations  already  completed  ls  that 
in  many  cases  it  is  important  to  make  at  least  some 
explicit  allowance  for  dissociation  processes  if  the 
appearance  of  spurious  resonances  is  to  be  avoided. 
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THE  APPLICATION'  OF  COHERENT  RENORMALIZED  MULTICENTER  POTENTIAL  MODEL  (CRMPM)  WITH  INTRAMOLECULAR 
MULTIPLE  SCATTERING  (IMS)  TO  VIBRATION ALLY  ELASTIC  AND  INELASTIC  ELECTRON  -  H2  SCATTERING*. 

Lee  Mu-Tao,  L.F.C.  Botelho*  and  L.C.G.  Freitas 

Departamento  de  OuTnica,  Universidade  Federal  de  Sac  Carlos*  13.560,  Sao  Carlos,  SP,  Brasil 

Recently,  the  coherent  version  of  renormalized 
multicenter  potential  model4  including  multiple 

scattering  effect  has  oeen  applied  to  study  the  elastic 

>-3 

scattering  of  electron  by  several  molecules  at  the 
intermediate  and  ruga  energies  (2d  -  1500  eV) .  Despite 
its  simplicity,  this  theoretical  model  proves  its 
efficiency  to  treat  the  elastic  e  -molecule  problem 
particularly  at  the  higher  incident  energies.  In  this 
abstract,  \*e  report  tne  extension  of  CRMPM-IMS  to  obtain 
the  cross  sections  of  the  v irrationally  elastic  and 
inelastic  (0  -  1)  scattering  of  electron  by  H2  in  the 
2d -81.6  eV  energy  range. 


tn  this  calculation,  the  static  interaction 
potential  is  derived  from  the  Wang's'*  valence-bond  type 
wave  function.  Tne  initial  and  final  vibrational 
vavezunctions  are  of  Morse  type.  The  intramolecular 
multiple  scattering  is  taken  in  account  along  the 
formalism  of  Hayashi  and  Kuchitsu3;  we  include  in  this 
calculation  up  to  double  scattering. 

Our  theoretical  result  are  compared  with  the 
experimental  measurements  of  Trajmar  et.  al.^  \  There 
is  an  agreement  in  the  vibrationally  elastic  cross 
sections  in  the  covered  energy  range.  Our  vibrational 
excitation  (0  *  1)  cross  sections  also  agree 
qualitatively  with  experiments,  however,  our  theory 
overestimates  the  magnitude  of  the  cross  sections. 

*  Work  supported  by  CN*?q ,  grant  n?  40. 4585/82-QU. 
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THEORETICAL  CROSS  SECTIONS  FOR  LOW-ENERGY  e-H,  SCATTERING* 

A.  N.  Feldt,  T.  L.  Gibson+,  M.  A.  Morrison,  and  B.  C.  Saha 
Dept,  of  Physics  &  Astronomy,  Univ.  of  Oklahoma,  Norman,  Okla.  73069  USA 


We  have  calculated  cross  sections  for  the  electron¬ 
ically  elastic  scattering  processes 

e  ♦  H2(v0,j0)  -*  e  ♦  H  j  ( v ,  j  ) 
for  target  vibrational  quantum  numbers  vQ  «  0,  J  and 
v  -  0,  I,  2,  and  for  rotational  quantum  numbers  jQ  -  0, l 
and  j  *  0, 1,2,3.  Scattering  energies  studied  range 
from  near  each  excitation  threshold  to  10.0  eV. 

These  calculations  were  based  on  laboratory- frame 
close-coupling  (LFCC)  theory.'  At  low  energies,  the 
computationally  simpler  adiabatic  nuclei  (AN)  theory2 
could  not  be  used,  as  it  yields  inelastic  croi  sections 
th  l  are  in  error  by  hundreds  of  percent.’  In  the  LFCC 
calculations,  sufficient  channels  were  included  to 
converge  the  cross  sections  to  better  than  1Z.  Vibra¬ 
tional  wave  functions  were  determined  by  numerical  solu¬ 
tion  of  the  nuclear  Schrodinger  equation. 

Static,  exchange,  and  polarization  terms  in  the 
electron-molecule  interaction  potential  were  based  on 
newly-determined  near-Hartree-Fock  wave  functions  at 

II  internuclear  separations  from  0.5  to  2.6  aQ-  The 
i c  contribution  was  calculated  from  the  H;  chcrge 
distribution  by  numerical  quadrature.  Exchange  was 
treated  via  a  local,  free  electron  gas  model  potantial2; 
to  obtain  an  exchange  potential  best  suited  to  inelastic 
e-H?  scattering,  this  potential  was  tuned  in  the 
electron-molecule  symmetry.  Polarization  effects  were 
incorporated  using  a  variationally-determined,  parameter- 
free  potential4  that  takes  account  of  non-adiabat ic  effects 
via  a  non-penetrating  approximation.*1 

Figure  la  shows  integrated  LFCC  cross  sections  for 
the  vibrational  excitation  (vQ  -  0)  -*■  (v  -  I):  the  sums 
over  final  rotational  states  of  ro-vibrat ional  cross 
sections  for  ( vc  -  0,  j0  *  0)  ■*  (v  »  I,  j).  These 
theoretical  results  are  compared  to  cross  sections 
derived  from  beam6  and  swarm7  experiments. 

Theoretical  and  experimental  differential  cross 
sections  at  4.5  eV  scattering  energy8,9  are  compared  in 
Fig.  lb.  Agreement  with  beam  data  at  other  energies6 
studied  is  comparable  to  that  in  this  figure. 

For  completeness,  we  show  in  Fig.  2  total  integrated 
cross  sections  (summed  over  rovibrat ional  states).10*11 
The  elastic  contribut ions  to  these  results  were  taken 
from  AN  calculations  in  which  exchange  was  included 
exactly  via  an  iterative  method1  ;  the  inelastic  contri¬ 
butions  came  from  the  LFCC  model-exchange  study  described 
above . 
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scattering  of  electrons  by  hydrogen  molecule  in  independent  united  atom  model 
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In  recent  years,  theoreticians'  (Khare  and  Table  1.  Total  Cross  Sections  in  a.u.,  for  elastic 

Jhansar)  have  proposed  an  "independent  united  atom  scattering  of  electron  by  H2. 


model  (IUAM)  to  study  the  molecular  problems  in  terms  of 
atomic  problems.  This  model  is  similar  to  TAM  (indepen¬ 
dent  atom  model)  and  more  reliable  than  IAM.  Using  this 
IUAM  we  studied  the  collisional  cross  sections  for  ela¬ 
stic  scattering  of  electrons  by  hydrogen  molecule  in 
the  incident  energy  range  from  100  to  800  eV.  The  pre¬ 
sent  results  are  found  to  be  in  good  agreement  with  the 
compared  data' . 

According  to  the  IUAm'  the  scattering  is  considered 
in  terms  of  the  scattering  by  independent  atoms  again 
centered  at  the  various  nuclei  of  the  molecule  but  the 
atom  is  obtained  by  reducing  intemuclear  distance  (R) 
to  zero.  In  the  present  paper,  e-H^  scattering  is  con¬ 
sidered  in  terms  of  two  helium  like  atoms,  centered  at 
the  two  nuclei,  each  scattering  independently.  Half 
of  the  scattering  amplitude*  from  each  atom  is  added 
coherently  to  obtain  scattering  amplitude  due  to 
molecule. 


In  the  present  work,  the  Bom  scattering  amplitude  for 
3  4 

helium  atom  is  improved  by  including  third  Bom  term 
in  the  scattering  amplitude  to  study  the  collisional 
cross  sections  for  hydrogen  molecule  through  (1).  The 
differential  and  total  cross  sections  (DCS,  TCS)  are 
calculated  at  E  £800  eV.  The  TCS  results  are  shown 
in  table  1  along  with  the  othtr  data'.  These  results 

are  found  to  be  in  good  agreement  with  the  compared 
2 

experimental  results  . 

The  present  TCS  can  be  further  improved  by  the 
inclusion  of  exchange  corrections* .  The  DCS  results 
will  be  presented  at  the  time  of  Conference. 

N.S.R.  is  thankful  to  Physical  Research  Laboratory, 
Ahmedabad,  India,  for  the  award  of  a  Post-Doctoral 
Fellowship. 


F  eV 

Present 

Others^ 

100 

9.88 

9.01 

9.25 

200 

5.86 

5.76 

5.89 

300 

4.28 

4.36 

4.48 

400 

3.38 

3.45 

3.56 

500 

2.84 

2.97 

2.98 

600 

2.44 

2.55 

2.57 

700 

2.16 

2.28 

2.24 

800 

1.93 

2.00 
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VIBRATIONAL  AND  RO-VIBRATIONAL  DIFFERENTIAL  CROSS  SECTIONS  FOR  ELECTRON  SCATTERING  FROM  H 


J.  E.  Furst,  M.  Mahgerefteh  and  D.  E.  Golden 
Department  of  Physics  and  Astronomy,  Univ.  of  Okla. ,  Norman,  Oklahoma  73019  USA 

We  have  recently  measured  differential  cross  sec¬ 
tions  for  the  elastic  scattering  of  electrons  from  He1 
and  H2j,  using  a  t  itne-of- f  l  ight  (TOF)  technique,  with 
an  energy  resolution  of  0.5  eV.  We  have  now  combined 
the  TOF  technique  with  an  electrostatic  hemispherical 
monochromator,  to  obtain  a  higher  energy  resolution. 

The  electron  gun  gives  an  electron  pulse  of  width 
*  5  nS.  The  stationary  detector  views  electrons  scat¬ 
tered  from  the  background  gas.  The  count  rate  in  this 
detector  is  used  to  normalize  the  count  rates  in  the 
rotating  detector,  allowing  for  variations  in  electron 
beam  current  and  molecular  beam  density.  This  normali¬ 
zation  procedure  is  especially  important  at  low  energies 
and  together  with  the  monochromator  allows  us  to  measure 
vibrational  (  v  =  0  ■*  l,£j  -  0)  and  ro-vibrat  ional  exci¬ 
tation  cross  sections  for  H  ,  from  about  I  to  10  eV. 
z 

We  have  measured  relative  differential  cross  sec¬ 
tions  over  the  range  30°  to  120°.  These  have  been 
placed  on  an  absolute  scale  by  norma  1 izat ion  to  our 
standard  He  cross  sections,  which  have  been  put  on  an 
absolute  scale  by  phase  shift  analysis.  Total  and 
momentum  transfer  cross  sections  have  then  been  obtained 
from  these  measurements. 
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AB  INITIO  POLARIZATION  POTENTIALS  FOR  e  -  MOLECULE  SCATTERING. 

E.  Ficocelli  Varracchio  and  U.T.  Lamanna. 

Department  of  Chemistry,  University  of  Bari,  Via  Amendola  173, 


70126  Bari,  ITALY. 

An  accurate  theoretical  study  of  low  energy  e  -  mo¬ 
lecule  scattering  requires  a  detailed  knowledge  of  the 
dynanca'.  polarization,  induced  on  the  target  molecule 
by  the  metric  field  of  the  colliding  charged  projecti¬ 
le.  Such  a  quantity  is  expected  to  be,  ir.  general,  n<  n 
local,  energy  'or  velocity'  dependant  and,  at  the  same 
tin®,  it  should  also  contain  in  its  structure  an  exchan¬ 
ge  contribution,  deriving  from,  the  identity  of  the  pro¬ 
jectile  and  target  electrons. 

A  completely  ab  initio  approach  to  the  above  inte¬ 
raction  can  be  obtained,  in  principle,  by  using  the  ma¬ 
thematical  techniques  of  nany-particle  systems,  based  on 
the  Green’s  function  formalism.  Whi  e  such  an  approach 
has  already  been  implemented,  a  few  years  ago,  for  atomic 
targets  ,  it  is  only  more  recently  that  the  first  few 

numerical  applications  have  appeared  in  the  literature 

2 

for  "he  <=•  -  molecule  problem  .  It  should  be  pointed 

out,  anyway,  that  the  formulation  of  Ref.  £2]  is  comple¬ 
tely  perturoative  in  its  structure,  while  it  is  very  li¬ 
kely  that  in  actual  applications  of  the  theory  it  might 
prove  necessary  to  go  beyond  such  a  perturbative  scheme. 
It  can  be  readily  shown  that  a  basic  ingredient  of  the 
nor.  perturbative  theory  is  represented  by  the  so  called 
Bethe-Salpeter  amplitude,  defined  as 

-  (VJtC  tKi)‘fV)]!%>  a) 

i 

where  'Y  1  *Y  ,  are  electron  destruction  (creation)  field 
operators  and  T  is  Wick's  time  ordering  operator  (see 
Ref.  [l]  for  more  details).  The  quantity  in  (1)  physical¬ 
ly  represents  the  transition  amplitude  between  the  Yo 
f ground)  and  1  excited1  target  states  and  it  is  then 

intuitive  to  foresee  that  the  dynamic  polarization  po¬ 
tential  will  be  represented  in  terms  of  such  quantities. 

We  have  recently  shown  that  the  above  X  amplitudes 

n 

can  more  simply  be  evaluated  within  numerical  schemes  of 
the  order  of  cornlexity  of  Hartree-Fock  calculations, 
but  that  are  at  the  same  tine  able  tc  sum  up  infinite 

classes  of  diagrams,  corresponding  to  the  R.P.A.  formu- 

3 

lation  of  many-body  theories  .  We  are  presently  applying 


eventually  interested  into  a  determination  of  the  vibro- 
rotational  excitation  cross  sections. 

The  full  equations  of  the  theory,  relating  the 
Bethe-Salpeter  amplitudes  of  eq.  (1)  to  the  dynamical  po¬ 
larization  potential,  along  with  explicit  numerical  re¬ 
sults  for  the  e  -  H  system,  will  be  illustrated  in  de¬ 
tail  at  the  Conference. 

References 

1.  Gy.  Csanak,  H.S.  Taylor  and  R.  Yaris,  Adv.  At.  Mol. 
Phys.  7,  287  (1971). 

2.  A.  Klonover  and  U.  Kaldor,  J.  Phys.  B  1_1 ,  1623  (1978). 

3.  E.  Ficocelli  Varracchio,  J.  Phys.  B  17,  L611  (1984). 


such  formulation  to  the  e 


system,  for  which  we  are 
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N.  'i.  Padial 

Institute  for  Modern  Optics,  University  of  New  Mexico,  Albuquerque,  New  .Mexico  87131,  USA 


We  present  theoretical  results  of  electron-Li^ 
scattering  cross  sections  in  the  fixed-nuclei  appro¬ 
ximation  employing  an  exact  treatment  of  the  static  and 
the  exchange  interactions.  The  static  potential  is 
augmented  by  a  parameter-free  model1  of  the 
correlation-polarization  interaction.  This  model, 
whicn  uses  the  free-electron  gas  correlation  for  short 
distances  and  the  asymptotic  form  of  the  polarization, 
has  a  simple  dependence  on  the  molecular  charge 
densities  and  polarizabilities. 

Larlier  applications  of  this  approximation  for  H  , 
N- ,  HC;.,  and  HCU  gave  very  satisfactory  results.  In 
those  cases,  the  short-range  part  of  the  model 
correlation-polarization  potential  was  much  smaller 
than  the  static  potential,  for  Li;  the  model  polari¬ 
zation  part  represents  a  much  larger  contribution  to 
the  total  potential  and,  consequently,  poses  a  more 
stringent  test  to  the  theory. 

The  scattering  equations  are  solved  using  an 
integral  equations  formulation  of  the  close-coupling 
approximation,  we  incorporated  exchanged  effects 
tnrough  a  separable-potential  formulation.  -11 
calculations  were  carried  out  at  the  equilibrium 
internuclear  separation  and  in  the  molecular  body- 
fixed  frame  within  the  fixed-nuclei  approximation. 

The  scattering  equations  were  solved  for  eight 
collisional  symmetries  from  s:  to  >u  for  incident 
electron  energies  below  1  eV.  For  higher  energies,  we 
increased  this  number  to  M  -  7,  at  10  eV.  We  com¬ 
pleted  our  calculations  for  the  entire  energy  range 
with  the  unitarized-Born  approximation  values  for 
symmetries  up  to  ii^  -  38.  The  maximum  order  of  channel 
angular  momentum  is  38  for  gerade  and  37  for  ungerade 
symmetries. 


The  theoretical  cross  section  includes  the  elastic 
and  rotational  contributions  and  is  compared  to  the 
experimental  results  that  include  elastic,  rotational, 
vibrational,  inelastic,  and  ionization  cross  sections. 
Except  near  resonances,  the  effect  of  vibrational 
contributions  will  probably  be  small.  Due  to  the 
neglect  of  the  inelastic  and  the  ionization  processes 
in  theory,  our  results  are  considerably  smaller  than 
the  experimental  data  in  the  higher  energy  range.  A 
comparison  with  the  electron-Li  scattering  gives  some 
validity  to  this  explanation.  In  this  case,  a 
two-state  close-coupling  calculation  shows  that  the 
contribution  of  the  2s-2p  transition  increases  the 
total  cross  sections  to  more  than  twice  the  elastic 
2s-2s  part  at  10  eV. 

In  the  intermediate  energy  regime  (1-5  eV)  the 
results  are  in  reasonable  agreement  with  the  experi¬ 
ment.  At  low-energies  (<1  eV) ,  the  cross  sections  are 
sensitive  to  the  model  polarization  as  is  demonstrated 
by  considering  several  cutoff  forms. 
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Although  the  oxygen  molecule  is  one  of  the  major 
constituent  of  the  earth*s  atmosphere  and  the  e“  -  02 
interaction  is  one  of  the  most  important  aim  in  the 
atmospheric  physics,  there  are  relatively  few 
measurements  of  the  elastic  and  excitation  cross 
sections  for  the  electron  -O2  scattering.  In  this 
communication,  we  report  the  differential,  integral  and 
momentum  transfer  cross  sections  (DCS)  for  electrons 
elastically  scattered  by  O2.  In  our  experiments^  we 
use  the  crossed  electron  beam-molecular  beam  scattering 
method.  The  scattered  electrons  are  energy-selected 
by  a  Mollenstedt  velocity  analyzer^  and  counted  by  a 
channeltron.  The  energy  resolution  was  1.5  eV  and  the 
angular  resolution  is  about  0.2°.  The  pressure  of  the 
target  beams  of  N2  and  O2  was  calibrated  by  a  McLeod 
gauge. 

The  measurements  were  made  for  scattering  angles 
from  5  to  120°  and  incident  energies  of  300,  400,  500, 

800  and  1000  eV.  The  absolute  values  of  the  DCS  were 

3 

obtained  by  the  relative  flow  technique  ,  where 

4  5 

absolute  differential  cross  sections  for  N2  *  were 
used  as  secondary  standards.  Errors  in  our  DCS  were 
estimated  to  be  16%. 

Fig.  1  shows  some  of  the  absolute  values  of  the 
DCS  for  O2  in  comparison  to  experimental  values  of 
Daimon^  et.  al.  with  excellent  agreement.  Comparison 
with  the  theoretical  results  from  Independent  Atom 
Model  (IAM)  also  shows  fairly  good  agreement. 


Work  supported  by  CNPq,  grant  n9  40.3582/82. 

*  R.S.  Barbieri  and  Maria  C.A.  Lopes  thank  CNPq  for 
the  scholarship. 
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We  have  developed  a  method  of  including 
exchange  exactly^  in  the  framework  of  the 

noniterative  partial  differential  equation  (POE) 
2 

technique  .  The  method  has  been  checked  by 
comparing  results  in  the  static-exchange 
approximation.  £  partial  wave  results  are 
given  in  Table  I. 


Table  I:  e-N2  £  static-exchange  results3 


*2  b. 

c. 

present 

i 

0.1  ;  18.36  (2.311) 

13.16  (2.406) 

14.95  (2.417)! 

0.3  j  —  ( 1.308) 

9.76  (1  .983)} 

0.5  j  6.97  (1.524) 

6.83  (1.723) 

6.81  (1  .747)! 

1.0  ^  3.09  (1.043) 

3.17  (1.296) 
_ 

3.50  (1.350)! 

(eigenphase  sums,  in  radians) 

b.  Results  of  Collins,  Robb,  &  Morrison,  Phys. 

Rev.  A  21,  488  (1980) 

c.  Collins  S  Schneider  (unpublished). 

Given  the  entirely  different  analytic  and  numerical 
techniques  used  in  these  calculations,  we  consider 
the  agreement  to  be  satisfactory-particularly  with 
the  new  unpublished  results  of  Collins  and 
Schneider. 

Our  second  calculation  included  a  static 
polarization  potential  originally  adjusted  using  an 
l-FEGE  approximation  for  exchange"5.  Use  of  that 
potential  with  the  present  incorporation  of  exact 
exchange  showed  that  exact  exchange  requires  a 
diminution  in  strength  of  that  polarization 
potential.  Wishing  to  retain  its  qualitative 

features,  however,  we  have  now  used  a  scaled 
version  of  that  polarization  potential.  Results 
are  given  in  Fig.  1  compared  to  various  exoeriments 
and  calculations. 


Fig.  1  Present  SEP  results  (solid  curve)  compared 
to  other  calculations  and  experiments  References 
and  details  are  given  in  Ref.  1. 

The  overall  agreement  with  experiment  and  other 
SEP  calculations  is  very  good.  At  higher  energies 

o 

(k1 §  10  eV)  and  particularly  at  low  energies 
(k  <  1.5  eV),  however,  our  results  are  somewhat 
lower  than  experiment.  It  is  significant  that  such 

it 

an  increase  was  found  by  Rumble  et  al  when  a 
static  DOtential  based  on  a  multi-configuration 
(MCSCF)  ground  state  was  used.  We  are 
therefore  implementing  a  calculation  with  the 
better  ground  state5  to  test  these  changes  in  the 
Presence  of  exact  exchange,  Results  will  be 
Presented  at  the  meeting. 
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EXPERIMENTAL  MEASUREMENTS  OF  SHAPE  RESONANCES 
US  INC  A  POSITION  SENSITIVE  DETECTOR 


Fred  Currell,  Titr.  Reddish  and  John  Coner 
Physics  Department,  Manchester  University,  Manchester  M13  9PL,  UK 


An  electron  spectrometer  has  been  employed  to 
observe  resonances  in  the  differential  cross  sections 
for  the  excitation  of  vibrational  levels  of  the  ground 
states  of  N‘2»  CO  and  CO-,.  A  position  sensitive  detector 
has  been  used  in  order  to  measure  many  cross  sections 
simultaneously  and  so  produce  a  significant  gain  in 
sensitivity*.  Many  energy-loss  spectra  are  collected, 
each  at  a  different  electron  impact  energy  and  a  surface 
is  produced  representing  the  differential  cross  section 
as  a  function  of  the  two  variables.  An  example  of  the 
results  obtained  using  this  technique  is  illustrated  in 
figure  1.  Taking  a  section  in  the  energy-loss  direction 

shows  peaks  corresponding  to  the  excitation  of  the 
1  + 

v»2-10  levels  of  the  X  Ig  state.  A  section  in  the 


impact  energy  direction,  however,  shows  the  differential 

cross  section  for  the  excitation  of  specific  vibrational 

2 

levels.  These  contain  intense  features  due  to  the  Eg 
shape  resonance  in  N’  . 

This  resonance  has  been  the  subject  of  intense 
experimental  and  theoretical  work.  Measurements  of  the 
differential  cross  sections  as  a  function  of  scattering 
angle  will  be  presented  together  with  corresponding 
measurements  in  other  systems. 

Reference 

1.  P  J  Hicks,  S  Daviel,  B  Wall bank  and  J  Comer, 

J  Phys  E : Sci  Instrum,  L3»  713  (1980) 

T  Reddish,  B  Wallbank  and  J  Comer,  J  Phys  E:Sci 
Instrum,  17,  100  (1984) 


FIGURE  1  The  surface  shows  the 
experimentally  measured  differential 
cross  section  for  the  excitation  of 
the  v=2-10  levels  of  the  XLIg  state 


of  N*2  at  60'“'.  The  lower  diagram  is 
expanded  vertically  and  the  diagonal 


ridge  is  due  to  a  background  of 
u.ertrons  close  to  zero  energy. 
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VIBRATIONAL  EXCITATION  OF  N2  by  ELECTRON  IMPACT 


S.Yagi,  T.Takayanagi,  K.Wakiya  and  H. Suzuki 
Department  of  Physics,  Sophia  University,  Chiyoda-ku,  Tokyo  102,  Japan 

Y.Fujita,  K.Hoshiba,  S.S.kano  and  H.Takuma 

Institute  for  Laser  Science,  University  of  Electro-Ccmrunications,  Chofu-shi,  Tokyo  182,  Japan 


The  vibrational  excitation  of  N.,  by  electoron  at 
the  incident  energy  of  1.8eV  to  4eV  is  known  to  be 
affected  by  the  resonance  with  the  N2_^g  *  -  reP°rt 
the  cross  sections  for  the  vibrational  excitations  up 
to  V=ll  at  this  region  of  the  inpact  energies. 
Also, the  differential  cross  section  for  the  V=1 
excitation  at  lev  -  1.5eV  is  reported. 

The  experimental  apparatus  is  the  same  as 
described  in  the  proceeding  of  the  XIII  ICPEAC^  .  The 
energy  resolution  is  30  meV  (FfcMM)  with  the  incident 
electron  current  of  5nA  and  the  electron  beam  crosses 
the  N2  beam  at  the  collision  center  at  90  deg.  For  the 
collection  of  the  low  energy  electrons,  we  utilized  an 
additional  "collecting"  electrode  and  the  overall 
transmission  efficiency  of  electrons  are  measured  by 
the  loss  spectrum  of  He.  The  measured  differential 
cross  section  were  normalized  by  the  elastic  scattering 
signal  at  30  deg  to  derive  the  absolute  values.  Figure 
1  shews  the  energy  dependence  of  the  vibrational 
excitation  to  the  V=ll  level  at  the  scattering  angle  of 
30  deg.  The  solid  curve  in  Fig.l  is  the  back  ground  to 
be  subtracted.  Much  more  precise  imformation  on  the 
coupling  between  N2  and  N2  states  will  be  given  by 
this  experiment. 

Belcw  the  incident  energy  of  1.5eV,  we  have  not  nuch 

2 

data  on  the  excitation  function  of  N2  .  Figure  2  is  the 
data  of  the  absolute  DCS  to  the  V=1  level  at  the  inpact 
energy  of  1.5eV.  Normalization  was  performed  based  on 
the  date  reported  by  Shyn  et  al^.  The  dotted  curve  in 
the  figure  is  the  angular  dependence  of  the  pure 
resonance  )  scattering  normalized  at  30  deg.  It  is 
knewn  that,  at  2.2eV  of  the  incident  energy,  the 
resonance  ( )  scattering  is  dominant.  In  the  present 
experiment  at  1.5eV,  the  resonancel^j^  >  still  plays  an 
important  role  but  the  contribution  f ran  non  resonance 
(mainly  £  )  is  apparent.  A  detailed  discussion  will 
be  given  at  the  conference. 

This  work  is  supported  by  the  Grant-in-aid  for 
Fusion  Reserch  of  Ministry  of  Education. 
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OBSERVATION  OF  VIBRATIONAL  EXCITATION  OF  F2  BY  ELECTRON  IMPACT 


Y.Fujita,  K.Hoshiba,  S.S.Kano  and  H.Takuma 
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It  is  important  to  elucidate  the  vihrational 
excitation  of  f2  by  low  energy  electron  inpact  from 
both  the  pure  and  applied  scientific  viewpoints.  This 
is  because  the  process  is  closely  related  to  dissocia¬ 
tive  electron  attachment,  which  is  highly  inportant  for 
the  kinetics  of  the  electron  beam  punped  exciner  lasers 
such  as  KrF  or  XeF.  In  the  laser  medium  of  KrF 

e  +  F2  -  F-(2<)  *  P"  +  F,  (1) 

F~  +  Kr+  +  Ar  -  KrF*  +  Ar  (2) 

are  suggested  to  be  the  dominant  processes  for  the  fuel 
production.  Ab  intio  calculations1'  shew  that  the 
potential  curve  of  the  intermediates  state,  F.f2  I.u  ) ,  of 
dissociative  electron  attachment  crosses  near  the 
equibibrium  internuclear  separation  of  ) . 

Consequently  this  process  is  supposed  to  have  large 
cross  section  at  very  low  incident  electron  energy  (  < 
lev),  which  has  been  confirmed  by  recent  measurments ^  . 

In  the  vibrational  excitation  by  low  energy 

electron  inpact  (  <  2eV),  the  same  intermediate  state, 

fI(2-+),  as  that  of  the  dissociative  attachment  is 
2  u 

concerned,  and  the  resonant  scattering 

e  +  F2  "  F2(2ru>  "  F2(V)  +  6  (1)’ 

is  expected  to  play  the  dominant  role.  These 
dissociative  attachment  and  the  vibrational  excitation 
cross  sections  cure  calculated  by  the  same  resonant 
scattering  theory.  Thus,  once  the  cross  section  for 
the  process  (1)'  is  measured  by  experiments,  we  will  be 
able  to  predict  the  cross  section  for  the  process  (1) 
or  v.v.  Semienpirical  calculations  have  been  trade  by 
Hall31  and  Bardsley  et  al.4)  to  knew  these  cross 
sections  by  the  use  of  different  methods.  The  obtained 
values  for  the  cross  sections  are  almost  the  same  for 
the  dissociative  attachment.  However,  the  cross 
sections  for  vibrational  excitaion  by  Hall  (about  10 
cm2  for  v=l  peak  value)  are  larger  by  almost  one  order 
of  magnitude  than  that  by  Bardsley.  Wong  et  al.^'  also 
calculated  these  cross  sections  by  R-matrix  method  for 
several  sets  of  the  resonace  parameters.  Considering 
the  present  status  of  these  theories  of  vibrational 
excitation  of  F2,  the  measurement  are  highly  inportant 
to  test  these  calculations. 

The  experimental  apparatus  was  the  same  as  we 


reported  in  the  XIII  ICPEAC6'.  Because  of  extremely 
corrosive  nature  of  F2>  the  energy  selector  and 
analyzer  systems  are  differentially  punped  separately. 
The  sanple,  delivered  from  Central  Glass  Co,  is  F2(10%) 
in  He  buffer.  The  overall  resolution  of  our  apparatus 
is  about  30  meV  (FWHM)  at  the  incident  electron  current 
of  5  nA. 

Typical  energy  loss  spectrum  of  F2  at  the  inpact 
energy  1.7  eV  and  scattering  angle  90°  is  shewn  in  the 
figure.  The  vibrational  peaks  ( v=0  through  7)  are 
observed  and  the  peak  intensity  as  a  function  of  v  does 
not  decrease  drastically.  Also,  the  anglular 
distributions  of  v=l,2  vibrational  excitations  show  the 
Z  partied,  wave  characteristics.  These  facts  are 
considered  to  be  the  evidence  of  the  resonant 
scattering.  It  must  be  noted  that  the  elastic  peak  of 
the  figure  contains  the  signals  of  elastic  scattering 
by  He. 

The  differential  cross  sections  of  vibrational 
excitation  of  F2  at  the  inpact  energy  less  than  2  eV 
will  be  discussed  at  the  conference. 

This  work  is  supported  by  the  Grant-in-aid  for 
Fusion  Reserch  of  Ministry  of  Education. 
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ELECTRON  ATTACHMENT  TO  H?0,  SO2  and  C3F8  in  Ar,  N2,  and  CH4 
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Electron  attachment  processes  for  electronegative 

gases  (H*0,  SO*  or  C*F*)  in  trace  amounts  in  a  few 
Z  Z  Jo 

hundred  torr  of  buffer  gas  (Ar,  N^,  or  CH^)  were  inves¬ 
tigated  using  a  parallel-plate  drift-tube  apparatus. 
Electron  attachment  rate  constants  for  the  electronega¬ 
tive  gases  were  measured  as  a  function  of  E/N  (or  the 
mean  electron  energy)  in  various  buffer  gases. 

In  this  experiment,  electrons  were  produced  by 
irradiation  of  the  cathode  with  ArF  (193  nm)  or  KrF  (248 
nm)  excimer  laser  photons.  The  transient  current 
induced  by  the  electron  motion  between  the  electrodes 
under  an  applied  electric  field  was  observed.  This 
current  is  equal  to 

i(t)  *  eN  W/d  (1) 

e 

where  N  is  the  number  of  electrons  between  the  elec- 
e 

trodes,  W  is  the  electron  drift  velocity  in  the  buffer 
gas,  and  d  is  the  electrode  spacing. 

When  an  electronegative  gas  is  added  to  the  buffer 
gas,  electrons  will  be  attached  and  the  current  will  be 
reduced  to 

i’(t)  =  eN’W'e  ’aC/d  (2) 

e 

Using  the  data  from  a  run  without  electronegative 
gas  (Eq.  1)  and  one  of  same  buffer  gas  but  with  electro¬ 
negative  gas  (Eq.  2),  we  can  plot  ln(i'/i)  versus  t,  and 

we  can  determine  the  electron  attachment  rate  v  ,  and 

a 

the  attachment  rate  constant  for  a  two-body  process  k^= 

v^/fM],  where  [M]  is  the  concentration  of  the  electron 

attacher.  The  N’  and  W'  values  can  be  different  from 
e 

the  values  of  N  and  W.  The  data  were  analyzed  at 
e 

sufficient  times  after  the  laser  pulses  such  that  N  , 

e 

N^,  W  and  W'  are  independent  on  time. 

With  this  newly  developed  method,  we  have  measured 

the  electron  attachment  rate  constants  for  several 

electronegative  gases  (HO,  SO*  and  C_FQ)  in  several 
2.  Z  Jo 

buffer  gases  (Ar,  and  CH^)  that  are  frequently  used 

in  diffuse-discharge  switches.  For  H^O  in  Ar,  the 

electron  attachment  rate  constant,  k  ,  increases  with 

a 

increasing  E/N  from  2-13  Td .  At  F./N  =  13  Td ,  k  =  1.3x 

-10  3,  3 

10  cm  / s.  For  ^ »  the  electron  attachment 

rate  constants  are  very  small  for  F./N  in  the  8-24  Td 

region.  At  F./N  <8  Td ,  electron  attachment  due  to  th<- 

formation  of  a  "temporary"  negative  ion  is  observed. 

The  "temporary”  r.egative  ion  has  also  been  observed  in 

the  electron  attachment  to  H*0  in  CH.  .  The  lifetime  of 

Z  1* 

the  "temporary"  negative  ion  is  about  200  ns.  The 


"apparent"  electron  attachment  rate  constant  for  H^O  in 

CH.  decreases  with  increasing  E/N,  for  example,  k  = 

4  -1 1  3  3 

1.6x10  cm  /s  at  E/N  =  1  Td  and  k  =  0  at  15  Td. 

a 

The  electron  attachment  to  C_F*  in  Ar  has  also  been 

J  o 

investigated.  The  electron  attachment  rate  constant 

decreases  with  increasing  E/N.  At  E/N  =  1  Td,  k  = 

-10  3  3 

6x10  cm  /s.  For  C  F  in  N_,  the  k  value  increases 

3  8  2  a  -in 

with  increasing  E/N.  At  E/N  =  25  Td,  k  =  1.2x10 

3  a 

cm  Is .  We  also  find  that  the  k^  value  increases  with 

increasing  E/N  for  C*F_  in  CH  ,  for  which  k  =  4x10  ^ 

^  J  o  4  a 

cm  /s  at  E/N  =  30  Td . 

The  electron  attachment  due  to  SO^  in  Ar  is 
currently  under  investigation.  The  electron  attachment 
rate  constant  increases  with  increasing  E/N.  We  have 
used  both  the  ArF  (193  nm)  and  the  KrF  (248  nm)  excimer 
laser  photons  for  producing  the  pnotoel ec trons  in  this 
experiment.  Since  the  laser  photons  are  absorbed  by  S02, 
it  is  interesting  to  study  the  effect  of  photodissocia¬ 
tion  fragments  on  the  observed  electron  attachment 
process.  At  193  nm,  S02  has  a  large  absorption  cross 
section  and  the  photoexcitation  at  this  wavelength  can 
lead  to  dissociation  into  SO  +  0.  The  electron  attach¬ 
ment  rate  constants  measured  at  193  nm  will  be  not  only 
due  to  S02  but  also  due  to  these  photofragments.  This 
problem  can  be  avoided  by  producing  the  conduction  elec¬ 
trons  with  the  less  energetic  KrF  (248  nm)  excimer  laser 
photons.  In  other  words,  the  electron  attachment  rate 
constant  measured  with  the  243  nm  laser  line  should  be 
due  mainly  to  S02 .  Note,  however,  that  by  comparing  the 
attachment  rate  constants  measured  at  these  two  wave¬ 
lengths,  we  may  obtain  information  for  the  electron 
attachment  rate  constants  c  f  radicals.  We  will  report 
in  more  detail  the  results  of  this  investigation  at  the 
conf  erence . 


This  work  is  supported  hv  V.  S.  Air  Force  Office  of 
Scientific  Research  under  Grant  No.  AF0SR-82-03 14 . 
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In  this  paper  we  report  absolute  total  cross 
section  measurements  for  low  energy  electrons  scattered 


by  the  triatoraic  molecules,  OCS  and  SO  .  The 

2 

experimental  approach  (beam  transmission  through  a  gas 


scattering  region)  and  apparatus  are  the  same  as  has 
been  used  recently  for  electron  and  positron  total 
ection  measurements  by  other 


scattering  cross 
molecules.  The  electron  beam  originates  from  a 


thermionic  cathode  and  has  a  measured  energy  width 
(FWHM)  of  about  0.15  eV. 

The  present  total  cross  section  measurements  for 


OCS  are  shown  in  Figure  1  along  with  the  prior  total 

2 

cross  section  measurements  of  Szmytkowski  and  the 


continuum  multiple-scattering  model  calculations  of 
3 

Lynch  et  al.  for  integrated  elastic  cross  sections. 


The  present  results  are  considerably  lower  than 
Szmytkowski  at  the  low  energy  (1.15  eV)  shape  resonance, 
and  generally  lower  at  higher  energies,  except  at  the 
minimum  in  the  vicinity  of  2  eV  where  both  measurements 
are  in  good  agreement.  The  large  difference  at  the  1.15 
eV  shape  resonance  could  be  explained  by  the  narrower 
energy  spread  of  the  electron  beam  used  by  Szmytkowski. 

In  Figure  2  are  displayed  the  present  total  cross 


section  results  for  SO  ,  which  indicate  a  narrow  shape 
2 

resonance  in  the  vicinity  of  1  eV  and  a  broader  bump 


around  10  eV.  Due  to  the  lack  of  any  other  readily 
available  total  cross  sections  that  could  be  used  for 
comparison . 


i. ,  we  show  some  measurements  of  elastic 

4  5 

scattering  ,  electronic  excitation,  and 

6 

ionization  cross  sections,  which  do  not  collectively 


account  for  the  total  cross  sections  reported  here. 

This  work  is  supported  by  the  National  Science 
Foundation.  One  of  us  (MSD)  also  acknowledges  receipt 
of  a  research  grant  from  Yarmouk  University. 
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FIGURE  1  Electron-OCS  scattering  cross  sections. 
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FIGURE  2  Electron-SO^  scattering  cross  sections. 
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SCATTERING  OF  HIGH  ENERGY  ELECTRON  FROM  MOLECULES 


Mukesh  Kumar,  A.N.Tripathi  and  V.H. Smith,  Jr+ 

Department  of  Physics,  University  of  Roorkee,  Roorkee  247667,  India 
♦Department  of  Chemistry,  Queens  University,  Kingston,  Ontario,  Canada 


The  study  of  high  energy  electron-molecule 
scattering1-2  are  of  great  potential  va^e  for  examining 
the  quality  of  molecular  wave  functions  and  for  stu¬ 
dying  the  chemical  binding  effects  if  the  first  Born 
approximation  is  valid.  The  elastic  scattering  is  well 
predicted  by  the  Hartree-Fock  (HF)  wave  function  but 
the  inelastic  scattering  cross-section  which  relates 
the  two  electron  distribution  function (intracule) ,are 
found  to  be  quite  sensitive  to  electron  correlation 
effects  and  are  not  accounted  by  HF  theory.  The  experi¬ 
mental  data  resulting  from  high  energy  electron  scatte¬ 
ring  measurements  are  mostly  confined  to  total  scatte¬ 
ring  cross  section  (elastic  +  inelastic)  which  limits 
the  comparison  between  the  experiment  and  theory. 
However,  in  recent  years  some  efforts  are  being  made 
to  measure  both  elastic  and  inelastic  components3 
separately. 

4 

Recently  Thakkar  has  demonstrated  that  one 
can  calculate  both,  the  elastic  and  inelastic  scatte¬ 
ring  cross-sections  at  the  self-consistent  field (SCF) 
level  on  the  same  footing  which  is  better  than  the 
independent  atom  model  (IAM)  result  for  the  inelastic 
contribution,  as  these  are  strongly  affected  by  the 
formation  of  chemical  bond.  Therefore,  it  is  worth 
presenting,  the  calculation  of  total,  elastic  and  inela¬ 
stic  high  energy  electron  scattering  cross-section  from 
molecular  systems.  We  have  chosen  the  ten  electron 
systems  (Ne,  HF,  n^O,  NH^ ,  CH4) .  A  simple  SCF  molecular 
wave  function  constructed  from  a  double  zeta  quality 
basis  set  of  contracted  Gaussian  orbitlas^  is  employed. 
Various  trends  and  systematics  in  the  electron  inten¬ 
sities  (elastic  and  inelastic)  for  the  ten  electron 
systems  have  been  examined.  The  effect  of  molecular 
bonding  has  also  seen  examined  with  the  help  of 
difference  functions  computed  between  present  electron 
scattering  intensity  and  that  for  IAM.  The  figures  1 
(a-b)  present  our  difference  functions  elastic  and  in¬ 
elastic  scattering  cross-sections  for  NH3  molecule. 


The  elastic  scattering  results  (fig. la)  are  in 
good  agreement  with  the  recent  data  in  the  region  of 
momentum  transfer  lying  between  0.3  to  3  a.u. 
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However,  the  present  calculation  of  inelastic  scattering 
(fic. lb)  using  the  present  SCF  molecular  wave  function 
show  a  large  deviation  compared  to  the  measurement3  in 
the  same  angular  region.  The  details  of  the  result  for 
this  along  with  the  other  molecules  will  be  presented 
in  the  conference. 
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VIBRATIONAL  EFFECTS  ON  ELECTRON-MOLECULE  SCATTERING  FOR  POLY ATOMICS :  V^O 

Martin  Breitenstein,  Richard  J  Mawhorter,*  Hermann  Meyer,  and  Arinin  Schweig 

Fachbereich  Physikalische  Chemie  der  Philipps  Universitaet 
Hans-Meerwein-Strasse,  D-3550  Marburg/Lahn ,  Federal  Republic  of  Germany 


The  comparison  of  experimental  and  theoretical 
sections  fir  high  energy  electron  scattering  from 
a  wide  range  of  mole rules  has  signi f icant ly  furthered 
our  understand i ag  of  no  locular  charge  distributions. 
Only  for  M->  and  f)7,  *  however,  where  both  vibrational  and 
correlation  effects  can  he  treated  fully,  is  there  good 
agreement  between  theory  and  experiment.  While  it  has 
become  clear  that  electron  correlation  causes  the  most 
discrepancy  between  theory  and  experiment,  vibrational 
effects  are  another  possible  source  of  disagreement. 
These  have  been  studied  for  several  diatomlcs^  in 
addition  to  Ho  and  0?.  It  was  found  that  these 
vibrational  effects  were  small,  which  encouraged  the 
direct  comparison  of  inherently  averaged  experimental 
results  with  theoretical  calculations  done  at  a  single 
fixed  geometry.  The  purpose  of  this  work  is  to  see  if 
they  remain  small  for  a  polyatomic  such  as  H2^» 

To  provide  as  sensitive  a  comparison  of  cross 
sections  as  possible,  the  results  are  presented  in  terms 
of  Ao,  the  difference  between  the  actual  cross  section 
a10L  a  reference  cross  section  based  on  the 

independent  atom  model.  Ao  is  the  representation  in 
scattering  space  of  the  rearrangement  of  charge  to  form 
the  molecular  bonds. 

por  a  polyatomic  molecule,  the  effects  of  the 
different  vibrational  modes  must  be  taken  into  account. 
For  each  of  the  3  ^0  vibrational  modes  Qp  26  molecular 
geometries  (40  for  Q2)  were  determined  at  uniform 
intervals  in  Qp  and  a  4-31G+BF  SCF  wave  function  was 
computed  for  each  geometry.  Our  program  DSIGMA,  which 
calculates  the  scattering  in  the  first  Born 

approximation  analytically  from  a  given  wave  function, 
was  then  used  to  determine  “tOL-  °IAM>  and  Ao  aC  S,"aU 
intervals  in  the  scattering  variable  s  for  total, 
elastic,  and  inelastic  scattering.  Near  Hartree-Fock  Ao 
curves  -/ere  also  calculated  for  the  equilibrium 
geonetry,  and  the  excellent  qualitative  agreement  of  the 
4-31G+BF  results  is  more  than  adequate  for  a  study  of 
this  nature.  Repeated  calculations  for  each  step  in 
resulted  in  values  for  each  cross  section  as  a  function 
of  )j  and  s,  e.g.  \<p  (Op**)*  At  each  s-value,  sn,  a 

quadratic  polynomial  In  Q(  was  then  fitted  in  the  least 
squares  sense  to  the  smooth  functions  AcKQpSQ).  Such  a 
function  Is  shown  In  the  inset  In  Figure  1.  The 
averaging  was  completed  by  evaluating  the  integrals 
<A*,):>vlb  ■  P(Q)  Ao(Q,s  )dQ  for  each  value  of  s  and 

for  both  harmonic  and  anharmonic  distribution  functions 
and  Th°  fitting  procedure  enabled 


,'ifc  rat  iona  i  Effects 


analytic  evaluation  of  these  integrals  and  ensured  the 
convergence  of  the  functions  Aa(Q). 

The  results  confirm  that  the  bending  motion  of  ^ 
has  little  effect  on  the  charge  distribution.  In 
contrast  to  the  stretching  motions  of  and  Q^.  There 
is  substantial  cancellation  for  the  antisymmetric  Q-j 
mode,  so  the  effects  are  largest  for  the  symmetric 
stretch  Qp  Qj  has  a  large  anharraonicity ,  and 
illustrates  the  importance  of  using  the  best  available 
anharmonic  distribution  functions.  Figure  l  shows  the 

Aaeq  (QpO)  curve  ( - )  and  those  calculated  at  the 

maximum  Qj  displacements.  These  deviate  significantly 
from  Aoe(p  but  when  all  27  curves  (represented  by  hash 
marks  in  the  inset)  are  averaged,  the  difference  from 
Aoe(j  is  very  small,  as  shown  by  the  fourth  curve 

( - -) .  Hence  even  the  largest  correction  is  well 

within  current  experimental  error  limits,  and  these 
results  for  a  polyatomic  molecule  lend  further  credence 
to  the  practice  of  comparing  cross  sections  calculated 
at  a  fixed  geometry  with  (averaged)  experimental  data. 

The  efficacy  of  the  standard  formula  used  to 

account  for  vibrational  averaging  in  the  IAM  has  also 
been  examined.  Discrepancies  are  small,  roughly  half 
the  size  of  the  vibrational  corrections  themselves, 
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Low-Energy  Electron  Scattering  on  Methane 
J.  Ferch,  0.  Granitza,  and  W.  Raith 

Fakultat  fur  Physxk,  Universitat  Bielefeld,  0-4800  Bielefeld,  Fed.  Rep.  of  Germany 


We  measured  the  absolute  total  electron  scattering 
cross  section  of  CH^  in  the  energy  region  between  0.085 
and  12  eV  in  a  transmission  experiment  performed  with 
our  improved  high-resolution  time-of-f light  spectrometer 
/I/.  The  results  show  a  pronounced  Ramsauer  minimum  at 
0.401(20)  eV  with  an  absolute  total  cross  section  value 
of  1.356(37)x10  16  cm2.  Computation  of  the 

forward-scattering  cut-off  solid  angle,  averaged  over 

the  length  of  the  target,  yielded  a  value  of 

-3  -4 

1.5x10  sr,  corresponding  to  1.2x10  of  the  sphere. 

Thus  for  s-waves  the  undiscriminated  forward  scattering 

is  completely  negligible  compared  with  the  total 

uncertainty  of  the  cross  section  measurements  of  several 

percent.  Only  if  forward  scattering  were  enhanced  by  a 

factor  of  100  or  more,  its  influence  would  exceed  the  1Z 

level . 
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Our  results  are  in  good  agreement  with  the  early 
measurements  of  Bruche  / 2 /  as  well  as  Ramsauer  and 
Kollath  11/  and  the  recent  results  of  Floeder  et  al  / 4/, 
obtained  with  a  technically  quite  different  apparatus. 
They  disagree  with  the  published  data  of  Barbarito  et  al 
75/  as  can  be  seen  from  Fig.1.  We  obtained  a 
considerably  higher  cross  section  in  the  whole  energy 
range  studied.  The  most  noticeable  discrepancies  are  in 
the  vicinity  of  the  Ramsauer  minimum,  where  our  cross 
section  is  about  five  times  higher  than  that  of 
Barbarito  et  al.  Those  authors  located  the  Ramsauer 
minimum  at  an  electron  energy  of  0.215  eV  whereas  we 
found  it  at  0.401  eV ,  in  excellent  agreement  with  the 
early  measurement  111 . 

Fig.1  shows  a  comparison  of  our  results  with  other 
experimental  data.  The  data  of  Tanaka  et  al  / 6/  and  of 
Sohn  et  al  111  are  derived  from  differential  cross 
section  measurements  in  the  range  of  30  to  140°  and  30 
to  120°,  respectively.  Barbarito  et  al  pointed  out, 
that  the  Ramsauer  minimum  of  argon,  measured  by  Golden 
and  Bandel  / 8 /  deviated  from  the  earlier  measurement  of 
Ramsauer  and  Kollath  / 9 /  in  a  similar  way.  This 


Fio.  1 .  Absolute  total  cross  section  of  CH^ : 

- ,  This  work; — —  ,  Bruche  121 ; 

,  Ramsauer  and  Kollath  / 3/;  A.  Floeder 
et  al  / 4  / ;  Barbarito  et  al  / 5 / : 

O.  Tanaka  et  al  / 6 / ;  —  • — ,  Sohn  et  al  1 7 / ; 
— Brode  / 1 0  / ;  □,  Griffith  et  al  / 1 1  /  . 
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suggestion,  however,  does  not  help  in  understanding  the 


discrepancy  because  our  recent  measurement  of  the  argon 
cross  section  IM  confirm  the  old  measurements. 
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ROTATIONAL  AND  ROVIBRATIONAL  EXCITATION  OF  CH4  BY  ELECTRON  IMPACT  BETWEEN  0.5  eV  AND  10  eV 


R.  Muller,  K.  Jung,  and  H.  Ehrhardt 

Fachbereich  Physik  der  Universitat  Kaiserslautern,  D-6750  Kaiserslautern,  West  Germany 


Cross  sections  for  the  electron  impact  rotational 


excitation  of  CH^  have  been  measured  in  a  crossed  beam 


spectrometer  for  the  impact  energies  0.5  eV,  5  eV,  7.5 
eV,  and  10  eV.  Absolute  state-to-state  cross  sections 


are  deduced  from  the  broadened  energy  loss  peaks  by 


using  the  method  of  analysis  given  by  Shimamura  .  The 


results  (angular  dependencies)  are  compared  with  cal- 


In  the  range  of  impact  energies  between  5  eV  and 
10  eV  a  short  living  negative  ion  state  is  formed  and 
the  rotational  excitation  of  the  molecule  is  strongly 
influenced  by  this  resonance.  Therefore  all  angular 
dependencies  for  each  j  *  j ' -transition  have  similar 
shapes  and  are  practically  independent  of  the  impact 
energy.  The  cross  section  for  the  j  =  0  »  0  transition 


culations  of  Jain  and  Thompson^  and  of  Abusalbi  et 


has  a  deep  minimum  close  to  110°  scattering  angle. 


al  .  In  some  cases  comparison  with  experimental  work 


- 1 6  ? 

Here  the  cross  section  drops  from  ca.  10  cm/sr  to 


of  Tanaka  et  al  is  possible. 
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less  than  10  cm/sr,  whereas  for  j  =  0  -  3  and  j 


For  an  impact  energy  of  0.5  eV  the  pure  rotatio- 


0  ■»  4  the  cross  sections  remain  constant  over  the 
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nal  excitation  is  rather  weak.  For  j  *  0  »  3  the  dif- 


measured  angular  range  having  a  value  of  ca.  10" 
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ferential  cross  section  is  between  10  and  10 


cni  /sr  with  the  larger  values  at  large  scattering 
angles,  whereas  for  j  =  0  *  4  it  is  relatively  con¬ 
stant  with  respect  to  the  scattering  angle  (do/du  (j  = 
.  -ig  p 

0  -  4J-  10  cm  /sr).  At  the  same  impact  energy,  but 


cm  /sr.  The  nearly  isotropic  cross  section  is  to  be 
expected  for  collisions  in  which  a  large  amount  of 
momentum  has  been  transferred  (i.e.  j.  =  3,  4). 


This  work  was  supported  by  the  Deutsche  Forschungs- 
gemeinschaft  (SFB  91). 


with  simultaneous  excitation  of  the  vibrational 


mode  the  rotational  branches  with  Aj  =  0,  1,  and  2 


References 


have  aiso  been  measured.  The  cross  sections  are  of  the 


.  i  q  a 

order  of  10  ctir/sr  for  Aj  =  0  and  1  and  10  to 
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10  cm  /sr  for  Aj  «  2.  For  the  simultaneous  excita¬ 


tion  of  the  infrared  active  vibrational  mode  only 
rotational  transitions  Aj  *  1  are  found  with  in¬ 
creasing  cross  sections  in  forward  direction  (  •v  10*17 


ctir/sr  at  angles  below  15°). 
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Fig.  1: 

Differential  cross  sections  for  the  ro¬ 
tational  branches  with  Aj  -  0,  1,  and 
2  and  rotational ly  summed  differential 
cross  sections  for  the  simultaneous 


excitation  of  the  vibrational  modes 


—  o  —  rot  summed 
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and  at  the  electron  impact  energy  E0 
=  0.5  eV. 
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MULTICHANNEL  SCHWINGER  VARIATIONAL  CALCULATIONS  OF 
LOW-ENERGY  ELECTRON-MOLECULE  COLLISIONS* 

Marco  A.  P.  Lima,*  Thomas  L.  Gibson,*  Winifred  Huo,+  and  Vincent  McKoy* 

*A.  A.  Noyes  Laboratory  of  Chemical  Physics,  California  Institute  of  Technology,  Pasadena,  California  91125  USA 
"^Radiation  Laboratory,  University  of  Notre  Dame,  Notre  Dame 


The  multichannel  Schwinger  variational  method,  as 
developed  by  Takatsuka  and  McKoy,1  has  been  applied  to 
study  elastic  and  inelastic  low-energy  electron-mole¬ 
cule  collisions.  An  earlier  study^  on  the  electron- 
impact  excitation  cross  sections  of  the  b^I^+  state 
in  H2  has  been  substantially  extended.  Calculations 
based  on  the  two-state  approximation  have  been  carried 
out,  using  a  (6s4p)  Gaussian  basis  set  on  each  nucleus. 
The  calculated  cross  sections  are  found  to  be  stable 
when  the  size  of  the  basis  set  is  further  increased. 
Figure  1  compares  the  calculated  differential  cross 
section  at  12  eV  incident  energy  with  a  recent  measure¬ 
ment  of  Hall  and  Andric.3  At  this  energy,  the  measured 

integral  cross  section  is  5 . 4x10“  ,  versus  our 

-17  2 

calculated  value  of  5.42x10  cm  .  At  higher  energies, 
the  calculated  differential  and  integral  cross  sections 
are  in  significant  disagreement  with  the  measurements 
of  Khakoo,  McAdams,  and  Trajmar.^  This  aspect,  as  well 
as  our  calculations  on  the  a3£^+  state,  will  be  dis¬ 
cussed. 

Elastic  e-CH^  scattering  cross  sections,  at  inci¬ 
dent  energies  from  3  to  20  eV,  have  been  calculated  at 
the  static  exchange  level  using  a  (12s8p4d,7s)  Gaussian 
basis  set  for  C  and  H,  respectively.  The  differential 
cross  section  calculated  at  7.5  eV  incident  energy, 
together  with  the  experimental  data  of  Tanaka,  et  al,^ 

are  presented  in  Figure  2.  The  calculated  total  cross 
_  1 6  2 

section  is  18.14x10  cm  ,  versus  the  experimental 

.it  2 

value  of  19.6x10  cm  .  It  is  seen  from  Figure  2  that 
the  static  exchange  approximation  is  capable  of  repro¬ 
ducing  the  minimum  in  the  differential  cross  section. 
However,  the  shoulder  in  the  experimental  spectrum  near 
60°  appears  to  be  a  polarization  effect,  and  is  not  re¬ 
produced  in  the  present  level  of  approximation.  Polari¬ 
zation  studies  are  currently  under  way  to  see  if  they 
can  reliably  reproduce  this  aspect  of  the  experiment. 

Low-energy  e-N2  scattering  is  also  being  studied 
using  a  large  Gaussian  basis  set,  Ils8p3d  on  each 
nucleus.  The  results  will  be  presented  at  the  meeting. 
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An  understanding  of  low  energy  electron  scattering 
by  silane  (SiH^)  molecules  is  required  in  plasma  chem¬ 
istry  and  plasma  processing  for  thin-film  deposition  or 
12  3 

surface  treatment.  '  Pollock  has  given  values  for 
the  momentum  transfer  for  e-SiH^  elastic  scattering  be¬ 
low  4  eV  (swarm  data).  Estimates  of  the  various  e-SiH^ 
cross  sections  have  recently  been  made  from  measured 
and  theoretical  cross  section  data  and  measured  elec¬ 
tron  swarm  data,  with  the  aid  of  a  set  of  cross  sec¬ 
tions  for  The  well-known  Ramsauer-Townsend 

(RT)  minimum  was  estimated  to  be  at  about  0.3  eV,  the 
same  as  in  CH^ ,  but  with  about  five  times  larger  cross 
section.^  There  is  considerable  difference  between  the 
estimates  of  various  cross  sections  by  Hayashi^  and 
Garscadden  et  al.~* 

Unfortunately,  there  is  no  ab  initio  calculation 
on  the  e-SiH^  system  in  this  low  energy  region.  Our 
earlier  work  on  CH^  in  a  parameter-free  model-potential 
theory^'7  predicted  quite  satisfactory  results  for  the 
position  of  RT  minimum  and  the  cross  section.  In  order 
to  investigate  the  utility  of  this  model  for  a  heavier 
system  such  as  the  SiH^ ,  we  have  studied  e-SIH^  scat¬ 
tering  in  precisely  the  same  model. 

We  generated  a  single-center  (at  the  Si  atom) 
basis  with  47  expansion  terms  (total  energy  — 

290.45  a.u.).  Results  with  a  smaller  basis  (33  terras) 
were  also  obtained.  The  value  of  the  spherical  polar¬ 
izability  calculated  in  our  polarization  potential 
(Pople-Schof leld  method^)  Is  44.7  a.u.;  322  larger 

o 

than  the  experimental  value  (30.4  a.u.). 

In  brief,  the  total  interaction  potential  is  com¬ 
posed  of  a  near  Hartree-Fock  static  terra,  a  parameter- 
free  polarization  potential  and  a  f ree-electron-gas 
exchange  (FEGE;  Hara^  type)  potential  (plus  orthogonal- 
lzation  of  the  bound  and  the  continuum  orbitals).  The 
number  of  terms  in  the  single-center  expansion  of  the 
static  and  the  exchange  potentials  were  kept  up  to 


““max  “6*  The  same  value  of  £  was  used  for  the  K- 
matrix  size.  We  Include  Aj ,  A2,  E  and  T2  symmetries 
only  in  our  final  cross  sections. 

The  position  of  our  RT  minimum  was  found  around 
0.12  eV  (with  the  33  terra  basis  set,  it  occurs  at 
about  0.09  eV)  in  the  Aj  symmetry.  We  also  found 
(similar  to  CH^)  a  T2  enhancement  in  the  cross  section 
around  4  eV.  The  Aj  state  also  has  a  broad  structure 
around  2.5  eV.  This  means  that  in  the  final  cross 
sections  a  shape  resonance  structure  occurs  around  3- 
4  eV,  which  is  mainly  due  to  T2  symmetry. 

We  are  also  trying  to  generate  a  much  bigger 
basis  set  in  order  to  Improve  convergence;  this  might 
push  the  RT  minimum  toward  higher  energy,  consistent 
with  experiment  and  also  with  the  Ctfy  results. 

We  plan  to  present  complete  results  at  the  time 
of  conference. 
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ELASTIC  DIFFERENTIAL  SCATTERING  AND  VIBRATIONAL  EXCITATION  OF  C  ,H,  BY  LOW  ENERGY  ELECTRONS 
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Elastic  and  vibrationally  inelastic  differential. 


integral,  and  momentum- transfer  cross  sections  for  elec¬ 


trons  scattered  by  C_H  are  reported  in  the  energy 
l  o 

range  from  2  to  20  eV.  Scattering  angles  were  covered 


from  10°  to  130°.  With  the  help  of  the  relative  flow 


technique  ,  the  elastic  cross  sections  are  placed  on 


an  absolute  scale.  From  the  measured  energy  loss- 


spectrum  of  the  lowest  normal  modes  in  C«H  ,  the  ratios 

L  o 

of  the  area  under  the  peaks  of  the  vibrational  excita¬ 
tion  and  the  elastic  scattering  as  well  as  their  heights 
were  determined.  The  resulting  relative  intensities  were 
then  converted  to  absolute  values  by  calibration  against 
the  known  DCS  for  elastic  scattering. 


In  previous  measurements  ,  we  have  used  a  spec¬ 
trometer  with  a  172°  cylindrical  analyser  and  a  gas 
beam  effusing  from  a  nozzle.  In  the  present  measure¬ 
ments  with  a  new  vacuum  system,  hemispherical  electro¬ 


static  dispersion  elements  and  tube  lenses  are  used. 
The  lenses  follow  the  design  proposed  by  Chutjian'*, 


but  their  driving  voltages  were  recalculated  with  a  new 
matrix  program  as  well  as  a  beam  tracing  program  to 
obtain  improved  focussing  at  the  lower  end  of  the 
energies  considered  by  Chutjian  and  to  achieve  better 
adjustments  to  the  particular  geometry  of  our  appara¬ 
tus.  The  main  voltages  of  the  zoom  lenses  are  driven 
by  a  personal  computer  in  accordance  with  the  energy 
loss  being  measured.  Also  this  time,  the  beam  is 

formed  by  a  small  capillary  array.  Thus,  the  geometri¬ 
cal  experimental  conditions  are  considerably  improved 
when  compared  with  the  previous  measurements.  The 


over-all  resolutions  used  were  50  meV  for  elastic  scat¬ 


tering  (to  increase  intensity),  and  30  raeV  for  the 


vibrational  measurements.  The  over-all  errors  were 


estimated  to  be  10-20%  for  elastic  scattering  and  30- 


40%  for  vibrational  excitations. 


’’’he  new  measurements  fo  the  angular  distribution 
for  the  elastic  scattering  nov  show  t!.e  r-wave  charac¬ 
teristic  much  more  clearly  than  in  the  previous  mea¬ 
surements.  A  similar  feature  appears  in  the  DCS  of  the 


vibrational  excitation  on  a  much  smaller  scale.  At 


lower  angles,  the  angular  distributions  are  nearly 
flat.  The  total  cross  sections  for  scattering  of  slow 


electrons  by  the  saturated  hydrocarbons,  CH^,  and 


C  H  show  a  broad  maximum  centered  around  7.3  eV. 
J  o 


In  the  case  of  CH,  ,  this  maximum  W3s  due  to  a  short- 
4 


lived  shape  resonance  of  the  symmetry.  To  confirm 


this,  further  measurements  of  the  excitation  function 
for  the  electron  impact  energy  are  under  way. 


'Or  \ 
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Figure  1.  Vibrationally  elastic  DCS  at  7.3  eV. 
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SCATTERING  ANGLE,  deg 

Figure  2.  Vibrationally  inelastic  DCS  at  7.5  eV. 


1.  S.  .\.  Srivastava,  A.  Chutjian,  and  S.  frajnar,  .1.  Ciu-m. 
Phys.  43  2439  (1973). 


2.  D.  Matsunaga  et  al.,  in  Abstracts  of  the  XII  ICPKAC, 
Gatl inburg,  Tennessee,  198],  edited  by  S.  Datz,  p. 338. 


3.  A.  Chutjian,  Rev.  Sci.  Instr.  j_)  347  (1979). 

4.  H.  Tanaka  et  al.,  J.  Phys.  =1  3303  (1982). 


mm 


»  *  »  •  •  1 


“ -T-V'T*” 


bV-X'V  1 


vV.A';.', 


Vv  ,.v 
Sv.\v>W 


bV-V-V-SVJ 


! 

j 


TEMPORARY  NEGATIVE  IONS  IN  COMPLEX  MOLECULES:  DIBENZENE  CHROMIUM 
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The  variety  of  geometries  and  molecular  orbital 
symmetries  available  in  hydrocarbon  compounds  and 
their  derivatives  make  such  systems  attractive  for 
studies  of  temporary  negative  ions  in  spite  of  their 
greater  complexity.  Because  of  the  close  connections 
between  the  properties  of  the  normally  unoccupied 
orbitals  and  the  energies  and  lifetimes  of  temporary 
ions, ^  resonances  with  a  number  of  different  character¬ 
istics  can  often  be  observed  in  the  total  scattering 
cross  section  of  a  given  compound. 

The  interpretation  of  scattering  data  in  complex 
molecules  is,  of  course,  greatly  facilitated  by  high 
molecular  symmetry.  As  an  example  of  such  a  system  we 
describe  here  our  results  in  di benzene  chromium,  a 
"sandwich"  molecule  consisting  of  two  parallel  benzene 
rings  on  opposite  sides  of  a  chromium  atom.  The  data 
in  curve  (a)  of  Pig.  1  were  taken  using  the  electron 
transmission  method  devised  by  Sanche  and  Schulz  and 
show  the  derivative  with  respect  to  energy  of  the 
electron  beam  current  transmitted  through  a  gas  cell 
as  a  function  of  the  impact  energy.  Curve  (b!  illus¬ 
trates  a  portion  of  the  data  on  a  more  sensitive 
scale.  In  curve  (c)  the  transmission  spectrum  is  shown 
with  reduced  discrimination  against  scattered  electrons, 
the  electron  beam  attenuation  deriving  primarily  from 
electrons  rejected  by  elastically  scattering  back  into 
the  monochromator.3 

The  major  features  in  curve  (a)  are  typical  of 
"shape"  resonances  formed  by  binding  the  impacting 
electron  temporarily  into  the  unoccupied  orbitals  of 
the  ground  state  molecule.  The  molecular  orbitals  of 
di  benzene  chromium  may  be  derived  from  the"  orbitals 
of  two  benzene  molecules  (face  to  face)  and  the  3d 
atomic  orbitals  of  Cr.  A  careful  examination  of  the 


ELECTRON  ENERGY  (eV) 

Figure  1 

The  remaining  features  in  the  spectrum  are  too 
narrow  to  be  ascribed  to  shape  resonances.  Rather, 
their  characteristics  suggest  core-excited  states  of 
the  neutral  compound.  In  particular  the  very  narrow 
resonances  at  2.4  and  2.57  eV  are  characteristic  of 
Feshbach  resonances  commonly  found  in  atoms  and  small 
molecules,  in  which  two  electrons  in  Rydberg  orbitals 
are  bound  to  the  positive  ion  core.  The  profiles  of 
these  resonances  are  substantially  altered  in  curve 
(c),  reflecting  the  angle-dependent  interference 
effects  characteristic  of  such  negative  ion  states. 
Acknowledgements 
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appropriate  interactions  leads  to  the  assignment  given 
in  the  figure.  Furthermore,  the  experimental  energies 
and  symmetries  are  in  excellent  agreement  with  the 
results  of  an  calculation  similar  to  those  carried 
out  on  other  organometal 1 ic  compounds. ^ 
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Differential  cross  sections  have  been  obtained, 
with  a  crossed-beams  electron- impact  spectrometer  for 
the  excitation  of  H-M  (M*C,N,0)  stretching  motion  in 


The  angular  distributions  of  the  scattered  electron  show 


the  contribution  of  the  s  (l*o)  partial  wave,  (which  can- 


•'•‘Vo'VV-? 


a  series  of  polyatomic  molecules:  HCN,  C2H2,  C^H^ , 


CH^ ,  H20,  NH3.  All  these  cross  sections  are  dominated 


by  a  1-2  eV  broad  shape  resonance  centered  at  6-8  eV 
which  was  not  detected  in  transmission  experiments* 
because  it  is  too  short  lived. 


The  extra  electron  is  trapped  in  an  antibonding 

* 

a  valence  orbital,  and  the  concentration  of  elec- 
* 

tron  in  this  o  orbital  elongates  the  H-M  bond  which 
leads  to  prominent  excitation  of  stretching  vibratio¬ 
nal  modes  of  the  electronic  ground  state  in  the  auto- 
detaching  process.  Figure  1  shows  an  energy  loss  spec¬ 
trum  for  the  HCN  molecule  at  an  electron  energy  of 
6.7  eV  center  of  the  ^  I  resonance.  Figure  2  shows 
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an  energy  loss  spectrum  for  the  C,H,  molecule  at  6.2 
2  +  ^  z 

eV  center  of  the  I  g  resonance.  The  two  spectra 


FIG. 2 
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show  prominent  resonant  excitation  of  Che  Hydrogen- 


Carbon  stretching  motion  (nvt  modes  in  HCN;  n«| 


not  by  itself  support  a  shape  resonance)  together  with 
the  d  (1*2)  or  the  p  (1*1)  partial  wave  in  the  trapping, 


(nv3)  modes  in  C2H2^- 


The  characteristics  of  shape  resonances  depend  on 
2 


depending  on  the  characteristic  charge  distribution  of 
* 

the  a  orbital  in  each  molecule. 


purely  geometrical  factors  ,  and  on  dynamical  effects: 
it  will  be  shown  that  the  resonance  energy  can  be  re¬ 
lated  to  the  H-M  bond  length  and  bond  strength. 


Most  of  these  molecules  are  known  to  produce  H  ions  by 
dissociative  attachment  through  Feshbach  resonances  lying 
in  the  same  energy  range  as  the  shape  '  s  .As  these  dissocia¬ 


ting  resonant  states  can  also  lead  to  vibrat  ional  excita  - 


tion  of  high  vibrational  levels  ,  they  can  interfere  with 


the  shape  resonances. 

Moreover  , it  will  be  shown  that  the  counterpart  of  the  - 
se  low  energy  electron-scattering  shape  resonances  are  ob¬ 
served  inK-shell  photoionisat  ion  where  they  appear  in  the 
discrete  part  of  the  spectrum  on  account  of  the  more  attrac¬ 
tive  coulomb  field  between  the  posit  ive- ion  and  the  eject  ed- 
electron,which  shifts  by  roughly  10  eV  to  lower  energy  the 
resonance  position  in  the  e jected-electron  kinetic  energy 
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studies  on  electron  collision  with 
are  rare1.  Presently,  rotational  exci¬ 
tation  of  0  by  slow  electrons,  below  o. i 
ev,  is  considered.  0^  possesses  a  small 
dipole  moment,  hence  at  low  energies,  the 
first  Born  approximation  is  reasonably  good. 
.Considering  only  the  dominant  dipole  inter¬ 
action,  we  take  into  account  the  asymmetric 
top^’3  nature  of  the  0^  molecule.  Its 
rotational  levels  are  defined  by  angular 
momentum  quantum  no.  ^  and  its  sublevels 
*X  ,  Total  or  integrated  cross- 

sections  are  calculated  for  various  allowed 
/ 

transitions,  (T  — >  j  «  Also  calculated 

l  t 

are  momentum  transfer  cross-sections,  by 
k  5 

employing  two  methods  ’  .  At  0.01  ev 
incident  energy,  the  cross-section  are  of 
the  order  of  10_lZ*  cm2,  for  the  most  dominent 


trans:tion,  0Q  — >  1Q.  The  effects  of 
s  .orter  ranged  interactions  may  be  small 
enough  to  be  neglected,  in  the  energy 
range  considered  here. 
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4  LINEAR  ALGEBRAIC  APPROACH  TO  ELECTRONIC  EXCITATION  OF  ATOMS  ANO  MOLECULES  RY  ELECTRON  IMPACT 
B.  I.  Schneider*  and  L.  A.  Collins* 

♦Theoretical  Division,  Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  B7545  USA 


We  have  extended  our  linear  algebraic  (LA)  tech¬ 
nique1  to  treat  electronic  excitations  of  atoms  and 
molecules  by  electron  Impact.  The  total  system  wave- 
function  <L  has  the  form 

■h  (R,r)  =  "  *>  (R)  f  (?)  +  V  do  y  (R.F),  (1) 

where  9C  Is  an  eigenfunction  of  the  target  atomic  or 
molecular  hamlltonlan,  Ec  Is  the  wavefunctlon  for  the 
scattered  electron  In  channel  c,  and  xa  1S  a  "correla¬ 
tion"  function  added  for  completeness  and  may  represent 
orthogonality  constraints  or  excited  states  not  included 
In  the  first  term.  We  utilize  the  Feshbach  formalism  to 
derive  a  set  of  coupled,  nonlocal  Llppman-Schwlnger 
equations  for  Fc.  The  channels  Included  In  the  first 
part  of  (1)  appear  In  direct  and  exchange  coupling  terms 
while  the  correlation  functions  give  rise  to  an  effec¬ 
tive  optical  potential.2  These  Integral  equations  are 
converted  to  a  set  of  matrix  equations  by  Introducing  a 
discrete  quadrature  for  the  Integrals.  We  make  a  fur¬ 
ther  simplification  by  envoklng  a  separable  expansion  In 
terms  of  an  L2  basis  for  the  off-diagonal  direct  and  all 
of  the  exchange  and  optical  potential  terms.  This  pre¬ 
scription  reduces  the  coupled  Integral  equations  to  a 
set  of  uncoupled  Inhomogeneous  equations3  and  greatly 
reduces  the  order  of  the  matrix  equations  that  must  be 
solved.  For  cases  Involving  strongly  dipole-coupled 
transitions  for  which  the  separable  expansion  becomes 
large,  we  have  developed  an  efficient  Iterative  proce¬ 
dure  for  solving  the  coupled  direct  equations.  The 
separable  expansion  Is  retained  for  the  exchange  and 
correlation  contributions. 

We  have  applied  the  technique  to  electron  scatter¬ 
ing  from  He,  H2+,  and  H?  at  the  two-state  close-coupling 
(2cc)  level.  Results  for  He  and  H2+  are  In  very  good 
agreement  with  other  calculations.  In  the  Table,  we 

present  total  cross  sections  for  the  X")*  to  b3T+  excita- 

3  u 

tlon  in  H2.  Our  results  without  correlation  agree  well 
with  those  of  Chung  and  Lin;1*  however,  we  note  that  cor¬ 
relation  effects  are  very  Important  for  this  transition. 
This  result  Is  confirmed  by  comparison  with  new  R-matrlx5 
and  Schwinger6  variational  calculations. 


Table 

e*2  x*y; 

-  b  3y+ 

u 

E  (e  v) 

a 

o(a02) 

b 

12.0 

0.85 

1.92 

15.0 

1.19 

2.08 

20.0 

0.53 

0.68 

Work  performed  under  the  auspices  of  the  U.S.  Depart¬ 
ment  of  Energy  and  NATO  Scientific  Exchange  Grant  687/84. 

References 

1.  8.  I.  Schneider  and  L.  A.  Collins,  Rhys.  Rev.  A  24, 

1264  (1981).  — 

2.  B.  I.  Schneider  and  L.  A.  Collins,  Phys.  Rev.  A  30, 

(1984)  — 

3.  L.  A.  Collins  and  B.  I.  Schneider,  J.  Phys.  8  17, 

L235  (1984).  — 

4.  S.  Chung  and  C.  C.  Lin,  Phys.  Rev.  A.  H..  1874  (1978). 

5.  C.  J.  Noble,  private  communication. 

6.  V.  McKoy,  private  communication. 


" 1  l*i  A1 


H 


242 


F53 


ELECTRONIC  EXCITATION  OF  DIATOMIC  MOLECULES  BY  ELECTRON  IMPACT 


K.L.  Baluja*,  P.G.  Burke+,  C.J.  Noble*  and  J,  Tennyson* 

*SERC  Daresbury  Laboratory,  Warrington,  England. 
+Queen’s  University,  Belfast,  N.  Ireland. 


We  report  recent  results  which  we  have  obtained 
using  a  multi-centre  R-matrix  method  with  numerically 
defined  continuum  orbitals  for  the  electronic  excita- 


Resonance  parameters  for  low-lying  states  of  NO". 
Six-state  R-matrix  calculations  assuming  an  internuclear 
separation  of  2.1747  a^. 


tion  of  a  range  of  diatomic  molecules.  These  include 

the  first  R-matrix  results  which  have  been  obtained  for 

Symmetry 

E  (Ryd) 

res 

r  (Ryd) 

res 

open-shell  horaonuclear  and  heteronuclear  targets.  The 

* 

theory  underlying  these  calculations  and  the  numerical 

0. 178 

0.037 

SE,  SEP 

1 

methods  have  both  been  described  previously* * 

V 

o 

VI 

Zecca 

et 

al9 

Briefly,  we  use  a  modified  version  of  the  IBM  ALCHEMY 

code3  to  construct  the  Hamiltonian  in  the  internal 

0.082 

Tronc 

et 

al10 

region  of  configuration  space  and  solve  the  single¬ 

‘a 

0.086 

0.031 

SE 

centre  external  problem  using  R-matrix  propagator4  and 

0.085 

0.030 

SEP 

r  *  " 

accelerated  Gailitis  expansion  methods5. 

>  0.  15 

Zecca 

et 

al9 

If 

0.057 

Tronc 

et 

al‘° 

r 

We  have  carried  out  two-state  calculations  for  the 

Burrow*  * 

X  *T+g  *  b  3Z+U  transition  for  H2  excitation  using 
both  a  static  exchange  model  and  a  static  exchange  with 
polarisation  (SEP)  model  in  which  short  range  polarisa¬ 
tion  effects  are  accounted  for  by  including  two 
particle  -  one  hole  L^  terras  in  the  expansion  of  the 
scattering  wavef unction.  The  results  which  we  obtain 
both  for  elastic  scattering  and  for  electronic  excita¬ 
tions  are  in  good  agreement  with  results  obtained  by 
Collins  and  Schneider  using  the  Linear  Algebraic 


We  have  also  investigated  the  application  of  the 
R-matrix  method  to  open-shell  targets  by  considering 
the  electronic  excitation  of  H2*  7'8,  02  and  NO.  In 
the  case  of  02  and  NO  the  target  ground  state  is  repre¬ 
sented  by  an  SCF  wavef unction  and  the  excited  states  by 
single-particle  excitations.  In  these  cases  we  find 
there  is  increased  sensitivity  to  polarisation  effects 
which  are  better  represented  by  adding  coupled  states 
rather  than  by  using  a  3ingle-state  with  an  optical 
potential.  For  02  we  used  a  three-state  model  and 
calculated  cross  sections  for  the  transitions 
X  3E"  -  a  *A  and  X  3£”  -  b  .  For  NO  we  have 

g  g  g  g 

used  a  six-state  model  and  calculate!  the  positions  and 
widths  of  a  number  of  low-lying  resonances.  Some 
examples  of  these  results  are  illustrated  in  the  table 
below. 
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INELASTIC  SCATTERING  OF  ELECTRONS  BY  HYDROGEN  MOLECULE 


N . S .  Rao 

Physical  Research  Laboratory,  Theoretical  Physics  Area,  Navrangpura,  Ahmedabad  380  009,  India. 


1  2 

Independent  atom  model  (IAM)  *  is  the  simplest 
model  to  study  the  molecular  problems  in  terms  of  respe¬ 
ctive  atomic  problems.  IAM  has  been  used  extensively  to 

study  the  elastic  collisional  cross  sections  for  hydro- 
*> 

gen  molecule4’.  Though  the  el e ctron -molecule  problem  is 
the  simplest,  none  of  the  workers  studied  the  electronic 
excitation  in  electron-hydrogen  molecule  scattering. 

Motivated  to  this  and  the  encouragement  of  my  earlier 

3  4  3 

work  *  ,  gave  me  scope  to  extend  our  studies  to 

inelastic  scattering  of  electrons  by  hydrogen  molecule. 
IAM  can  be  used*  to  study  the  inelastic  collision  pro¬ 
cess.  The  averaged  overall  differential  cross  sections 
(DCS)  for  the  present  study  can  be  written  as* 


where  I..(9)  and  IA(S)  are  the  hydrogen  molecule  and 
atomic  DCS.  Using  Bom  and  Glauber  eikonal  series 
approximations,  I.(S)*s  are  calculated  earlier3  for 
hydrogen  ls-2s  transition.  These  1.(9)  's  are  used  for 
the  present  study  of  hydrogen  molecule  through  (1). 
vfodDCS  are  calculated  at  incident  energy  V.  <  400  eV. 
These  results  are  shown  in  table  1  at 

E  =  200  eV  and  400  eV. 

-  2-1 
Table  1,  e-H0  inelastic  DCS  in  units  of  art  Sr  at 
i  o 

E  =  200  and  400  eV. 


terra  in  the  scatteing  amplitude. 

N.S.R,  is  thankful  to  Physical  Research  Laboratory, 
Ahraedabad,  India,  for  the  award  of  a  Post-Doctoral 
Fellowship. 
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e 

E  =  200 

eV 

E  =  400 

eV 

0 

4.208 

♦ 

0 

3.541 

+ 

0 

5 

1.836 

■f 

0 

1.203 

♦ 

0 

10 

7.262 

- 

1 

2.833 

- 

1 

20 

8.217 

- 

2 

1.320 

- 

2 

30 

1.581 

- 

2 

2.157 

- 

3 

40 

5.345 

- 

3 

6.552 

- 

4 

50 

2.299 

- 

3 

2.626 

- 

4 

60 

1.136 

- 

3 

1.282 

- 

4 

70 

6.333 

- 

4 

7.061 

- 

5 

80 

3.887 

- 

4 

4 . 334 

- 

5 

90 

2.584 

- 

4 

2.889 

- 

5 

100 

1.825 

- 

4 

2.055 

- 

S 

Unfortunately  no  other  data  is  available  for  the  compa¬ 
rison  of  present  results.  The  present  results  will  be 
compared  nicely  in  near  future  at  scattering  angles 
®  t  60°.  The  present  results  can  be  further  improved 
by  incluling  third  Bom  terra  instead  of  third  Glauber 
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THE  LOWEST  E  AUTO I ON I ZING  STATE  OF  H 
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The  energy  width  Y  and  the  energy  shift  A  of  the 
autoionizing  state  of  two-electron  diatomic  molecular 
system  at  internuclear  distance  R  are  given  in  atomic 
units  (a.u.)  by 

r  =  2-nV  (k)/k,  k  =  { 2  (E  -  e )  > 1/2 .  (1) 

A  -  P{  r  00 / (E  -  c  -  k2/2)dk  (2) 

E  =  E°  +  A  f  (3) 

where, 

r (k)  »  /|<»k(l,2)|l/r12|t(1.2)>|2dk.  (4) 

In  the  above  expressions,  is  the  eigenfunction  of  PHP 
and  Y  that  of  (1  -  P)H(1  -  P)  with  the  eigenvalue  E°, 

Y  and  EV  being  interpreted  as  the  zeroth  order  wavefunc- 
tion  and  energy  of  the  autoionizing  state.  The  projec¬ 
tion  operator  P  projects  all  the  two-electron  wavef unc¬ 
tions  onto  the  subspace  in  which  one  of  the  electrons  is 
in  the  bound  state  of  the  one-electron  system  with  energy 

e,  and  H  is  the  Hamiltonian.  The  function  <J>  can  be 

k 

expressed  as  the  following  form, 

$k<l,2>  =  xU)Fk(2)  t  Fk(l)X(2).  (5) 

The  function  x  represents  the  wavefunction  of  the  one 
electron  system  and  Fk  is  the  continuum  wavefunction  with 
wave  number  k.  Integration  in  eq.  (4)  is  par formed  over 
angular  part  of  k. 

We  have  calculated  the  potential  energy  curves  for 

2+  1-4 

several  autoionizing  states  of  and  He^  .  For  the 

lowest  *E  +  autoionizing  state,  the  energy  widths  and  the 

energy  shifts  are  calculated  adopting  the  Coulomb,  the 

static  and  the  static  exchange  wavef unctions  for  Fk  and 

it  is  found  that  the  energy  widths  are  not  very  sensitive 

to  the  choice  of  the  continuum  wavefunction  F.  .  The 

k 

accuracy  of  the  energy  widths  depends  mainly  on  that  of  Y . 

The  ^E*  autoionizing  states  are  interesting  since 
they  are  related  to  photoionization  and  photodissociation. 
We  have  calculated  the  energy  widths,  the  energy  shifts, 
and  the  resonance  energies 


shown  in  Table  1.  The  zeroth  order  energy  widths  Y 
and  resonance  energies  E^eg  are  obtained  by  using  the 

approximation  A  =  0.  in  Table  1,  the  contributions  from 
0  0  0 

p  and  f  waves  to  V  are  denoted  by  and  respectively. 
The  contribution  from  f  wave  is  small  enough  to  be  neg¬ 
lected.  The  present  resonance  energies  agree  well  with 
5-9 

those  obtained  by  others.  Work  is  now  in  progress 

on  the  autoionizing  states  of  different  symmetries. 


Table  1.  Results  *nr  the  lowest  E  autoionizing 


in  the  region  R  <_  2.0,  and  38  basis  functions  in  the 
region  R  >  2.0. 
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0 . 0082 

t 

1.2 
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0.0113 
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r 
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0.0143 
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0.0143 

V 
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0.4478 
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0.0172 
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0.3726 
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2.0 

0.3085 
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0.0006 

0.0002 

0.0226 

0.0210 
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-0.1783 

0.0226 

0.0211 

2.2 

0.2472 

0.0234 

0.0002 

0.0234 

I 

2.4 

0.2051 

0.0264 

0.0002 

0.0264 

V 

2.6 

0.1641 

0.0299 

0.0003 

0.0299 

V 
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0.0337 
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-0.3467 
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3.0 
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-0.7009 

0.0433 
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for  the  lowest 


autoionizing  state  of  H, 


Results  are 


8.  S.  L.  Guberman,  J.  Chem.  Phys.,  78,  1404  (1983). 

9.  J.  Tennyson  and  C.  J.  Noble,  private  communication. 


F56 


245 
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The  cross  section  in  electron  momentum  or  (e,2e) 
spectroscopy  factorizes  under  appropriate  conditions 
into  an  electron  collision  term  and  a  structure  term.' 
Precise  experimental  cross  sections  coupled  with  accu¬ 
rate  structure  calculations  can  lead  to  a  better  under¬ 
standing  of  the  scattering  dynamics  which  in  turn  can 
be  used  to  obtain  more  detailed  knowledge  of  the  tar¬ 
get's  electronic  structure. 

We  have  obtained  precise  (e,2e)  data  for  H.,  at 
four  incident  electron  energies  and  have  compared  the 
results  with  calculations  which  take  into  account  the 
overlap  of  the  ls-g,  2p-u,  2p~u  and  2s H2  final 

state  wave  functions  with  a  high  quality  Cl  wave  func- 

2 

tion  for  the  Is-  ground  state  of  the  H2  target. 

For  the  1 s  - g  final  state,  the  differences  between 
experiment  and  theory  are  mainly  due  to  the  inadequacy 
of  the  simple  plane  wave  description  of  the  collision 
process;  for  the  2pu,  2p-u  and  2s?g  final  states, 
discrepancies  between  the  data  and  calculations  can  be 
i,li  i Luted  to  deficiencies  in  the  H2  Cl  wave  function. 


Fig.  1 

Fig.  1  shows  the  relative  (e,2e)  cross  section, 

2 

(e  2e)  ^  ’  we’9hted  hy  Q  as  a  function  of  q  for 
electron  impact  ionization  of  H2  leading  to  H2  in  the 
Is-  ground  state.  The  solid  lines  are  fits  to  the 
experimental  data  at  incident  electron  energies  of 

400,  800,  1200  and  2000  eV.  The  curve  labeled  Cl  is 

2 

a  calculation  based  on  a  Cl  wave  function  and  agrees 
best  in  the  large  q  region  with  the  2000  eV  data. 

This  is  the  expected  result  when  distortion  effects 


assume  a  role.  These  effects  can  be  accounted  for  by 
substituting  distorted  waves  for  nlane  waves  in  the 
formulation  of  the  collision  process.^ 


Fig.  2 

Fig.  2  snows  a  separation  energy  spectrum  obtaineo 
by  summing  (e,2e)  cross  sections  over  the  q  range 
from  0.2  to  3.0  atomic  units  at  electron  binding  ener¬ 
gies  from  10  to  50  eV.  The  peak  at  15.8  eV  corresponds 
to  the  transition  to  the  lso^  ground  state  of  H2  ,  the 
dominant  ionization  process.  The  unresolved  peaks 
covering  the  range  from  25  to  50  eV  correspond  to  the 
n  =  2  final  states  of  H2  .  The  difference  between 
experiment  (full  line)  and  calculations  (broken  line) 
in  the  n  =  2  region  is  well  outside  of  experimental 
error  and  is  especially  large  around  30  eV  correspond¬ 
ing  to  the  2pr>u  state. 
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Only  three  electron-photon  ooincidence  aeasureaents 
have  been  reported  so  far  on  molecules.1  In  these 
measurements  no  attempt  was  made  to  resolve  the 
rotational  structure  of  the  band  being  studied  and, 
therefore,  no  detailed  information  about  individual 
angular-momentum  states  could  be  obtained.  The  work 
reported  here  represents  the  first  attempt  to  Isolate 
and  study  by  coincidence  techniques  an  ensemble  of 
molecules  excited  by  electron  impact  into  a  specific 
rotational  state.  The  polarization  character  of  the 
radiation  from  the  decay  of  the  excited  state  was 
measured  at  90°  with  respect  to  the  scattering  plane. 
3000  hours  of  continuous  data  acquisition  were  required 
to  obtain  the  present  data.  Figure  1  shows  a  typical 
coincidence  spectrum.  The  three  normalized  Stokes' 
parameters  were  determined  for  the  H2  (X1  *,  vQ  =  0,  NQ 
=  1  -  d^ly,  vj  —  o,  Nf  =  1)  excitation  at  25  eV  electron 
impact  energy  and  20°,  50°  and  60°  scattering  angles 
followed  by  the  (d^  u,  v1  =  0,  N1  *  1  -  a^  *,  vf  *  0,  Nf 
*  1)  radiation  decay. 


all  these  effects,  we  found  considerable  degree  of 
linear  polarization  and  coherence.  Figure  2  shows  the 
linear  polarization  of  the  coherent  part  of  the 
radiation  field  for  impact  energy  of  25  eV  and 
scattering  angle  of  60°.  The  Stokes'  parameters  and  the 
degree  of  polarization  are  listed  in  Table  L 


Table  I.  Stokes'  Parameters  at  E0  *  25  eV. 


(deg) 

Pe(circ)  Pc(0°) 

Pc(95°) 

p 

20 

-0.09i0.10  -0.08i0.19 

♦0.02*0. 10 

o.09i0.po 

50 

+0. 09i0. 18  -0.03i0.17 

♦0. Ohio.  1 9 

0.06i0.31 

60 

♦0. Olio. 13  *0 .30*0 .17 

«O.15i0.U 

0.39i0.26 

A  - L 


Fig.  1.  Coincidence  peaks  obtained  for  left  and 
right  circularly  polarized  photons. 

The  circular  polarization  measurements  indicate 
that  no  net  angular  momentum  perpendicular  to  the 
scattering  plane  is  transferred  to  the  molecule  in  these 
collisions.  Averaging  over  unresolved  ground  state 
magnetic  sublevela  in  the  electron  impact  process  and 
the  perturbing  effects  of  fine  and  hyperfine  fields  in 
the  radiation  process  could  cause  significant  reduction 
of  the  coherence  of  the  emitted  radiation.  In  spite  of 


Fig.  2.  Schematic  representation  of  the  observed 
radiation  field  (EQ  =  25  eV,  =  60  ). 

The  Stokes'  parameters  can  be  analyzed  in  terms  of  state 

multi  poles  characterizing  the  excited  state  with  the 

2 

help  of  the  formalism  given  by  Blum  and  Jakubowicz. 
The  interpretation  and  implication  of  these  results  will 
be  discussed. 

This  work  was  performed  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology  and  was 
supported  in  part  by  the  National  Aeronautics  and  Space 
Administration  and  in  part  by  the  National  Science 
Foundation. 
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A  beam-beam  scattering  arrangement  was  used  to 
measure  differential  elastic  and  inelastic  electron 
scattering  cross  sections  for  H2  in  the  15  to  100  eV 
impact  energy  and  10°  to  125°  angular  regions.  Tbe 
relative  flow  method'  was  utilized  with  tbe  known 
differential  elastic  scattering  cross  sections  of  He^  to 
obtain  the  absolute  cross  sections.  The  calibration 
procedure  was  checked  out  on  Ne  for  which  elastic  cross 
sections  are  known. 

The  H2  elastic  cross  sections  obtained  in  the  15  eV 
to  100  eV  impact  energy  region  will  be  presented  and 
compared  with  other  experimental  and  theoretical 
results. 

Excitation  to  the  b^  "  continuum  state  was  studied 
at  Impact  energies  ranging  from  20  to  100  eV.  A  typical 
spectrum  is  shown  in  Fig  1.  The  continuum  energy- loss 


profile  was  fitted  to  the  Franck-Condon  envelope 
determined  by  Gibson1*  to  obtain  the  total  scattering 
intensity  associated  with  this  transition.  From  tbe 
measured  Inelastic  to  elastic  scattering  intensity 
ratios,  we  obtained  the  absolute  excitation  cross 
sections  for  the  b^:  *  state  by  utilizing  the  elastic 
cross  sections  The  present  results  will  be  discussed 
and  compared  to  other  experimental  and  theoretical  data. 

Excitations  of  the  B1  c^"u,  a^"*,  c'!'u  and  eV  * 
discrete  states  were  also  studied  et  20,  30,  to  and  60 
eV  Impact  energies.  A  typical  spaotrun  is  shown  in  Fig 

2.  The  overlapping  vibrational  band  structure  of  the 
various  electronic  transitions  were  unfolded  using  a 
computer  code  described  earlier.®.  The  scattering 


ENERGY  LOSS  leVl 

Fig.  2.  Energy- loss  spectrum  Tor  tu  shewing  the  over¬ 
lapping  band  structure  of  the  various  discrete 
electronic  transitions.  (1)  computer  fit  (11) 
experimental  spectrum,  (ill)  difference 
speotrum. 

intensities  were  then  transformed  into  absolute  cross 
sections  by  tbe  same  procedure  which  was  employed  for 
the  b®  "  excitation.  The  results  will  be  presented  and 
compared  to  other  available  data. 

This  work  was  performed  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology  and  was 
supported  in  pert  by  the  National  Aeronautics  and  Space 
Administration  and  in  part  by  the  National  Science 
Foundation. 
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We  have  completed  experimental  studies  of  electron 
impact  cross  section  measurements  of  H 2,  He,  N2  and  Ar 
and  have  found  the  following  fundamental  results:  1)  the 
benchmark  dissociative  cross  section  of  H  Ly-  <  produced 
by  electron  dissociation  of  H2,  widely  used  as  a 
calibration  standard  in  the  VUV,  needs  to  be  revised 
downward  by  0.6 9;  2)  experimental  Hj  Rydberg  state  cross 
sections  at  low  energies  are  lower  than  theoretical 
calculations;  3)  the  H2  (a3  ♦  ►  b3 *)  continuum  is  an 
important  uv  emission  process  at  low  energy  (  <  20  eV); 

A)  ionization  excitation  cross  sections  of  He,  the 
simplest  gas  for  this  type  of  two  electron  excitation 
process,  3how  energy  dependences  different  from 
theoretical  calculations;  5)  the  low  energy  vibrational 
cross  sections  of  both  the  H2(  B)  and  N2(a)  states  show 
departures  from  Franck-Condon  distribution  due  to 
differences  in  excitation  threshold  of  the  vibrational 
levels;  6)  emission  studies  of  the  Ar  resonance  lines  at 
10A.8  and  106.6  nm  can  be  compared  to  electron  energy 
loss  experiments  which  measured  direct  and  cascade  cross 
sections  with  good  agreement. 

We  have  revised  the  Lyman-  ■  cross  section1  based  on 
previously  measured  Lyman-  i/Lyman  bands  and  Lyman-t 
Werner  bands  electronic  cross  section  ratios.2  The 
revised  value  is  8.18  i  1.2  x  10'18  cm2  at  100  eV. 
Also,  the  cross  sections  for  the  H2  Rydberg  states 
at  <  100  eV  are  now  lower  than  theoretical 
calculations.3  This  is  of  fundamental  importance  since 
Hj  is  the  simplest  molecule  for  theoretical  calculations 
of  electronic  excitation.  The  differences  in  energy 
dependence  are  shown  in  Fig.  1.  We  3how  in  Fig.  2  the 
first  relative  emission  cross  section  measurement  of  the 
a-b  continuum  compared  to  other  Important  H2  cross 
sections. 

Simultaneous  ionization-excitation  of  He  leads  to 
emissions  at  121.51  nm  and  16#.0i)  nm.  We  find  that  all 
experimental  data  13  in  agreement  in  respect  to  the 
shape  of  the  excitation  functions  of  the  Hell  emissions. 
The  failure  of  the  theory  to  describe  the  experimental 
results  stems  from  the  neglect  of  electron  correlation 
effects  between  two  orbital  electrons. 

The  cross  section  of  the  a1'  •  X1  *  band  system 
has  been  measured.  The  energy  dependence  of  each 
vibrational  level,  is  shown  in  Fig.  3.  At  energies  l 
20  eV,  the  relative  a1  g  vibrational  cross  sections 
gradually  converge  on  the  Franck-Condon  distribution. 
The  threshold  shift  effect  on  vibrational  cross  sections 


has  not  been  recognized  in  the  literature  and  is 
important  for  other  molecules,  especially  N2,  H2,  HD, 
d2,  CO,  o2. 

Work  was  performed  at  JPL-Caltech  and  was  sponsored 
by  AF0SR  and  NASA. 
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Fig. 


The  heavy  curve  is  the  HgB  and  the  light  line 
the  HjC  direct  cross  sections.  The  dashed 
curves  are  theoretical  cross  sections.3 
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Fig.  2.  Relative  emission  cross  section  of  the 
(a^  *  *  J)  continuum. 
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Fig.  3.  The  relative  eaisrion  cross  section  of  each 
vibrational  level  in  the  threshold  region. 
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Electron  scattering  by  molecular  nitrogen  has  been 
the  subject  of  the  most  extensive  studies  among  all 
molecules.  In  spite  of  all  these  efforts  our  knowledge 
of  electron  collision  cross  sections  for  ^2  is  rather 
fragmentary.  In  the  area  of  electron  impact  excitation 
of  the  electronic  states  of  No  the  major  problems  are: 
1}  non-availability  of  differential  (and  in  may  cases 
integral)  cross  section  data  at  low  impact  energies 
(threshold  to  few  eV  above  threshold);  2)  large 
discrepancies  in  the  available  cross  sections  at 
intermediate  impact  energies.  On  the  other  hand  there 
is  a  need  for  accurate  cross  sections  for  practical 
applications  and  for  guiding  the  development  of 
theoretical  methods  for  the  interpretation  of  such  data. 

In  our  laboratory,  we  are  in  the  process  of 
measuring  electron  impact  excitation  cross  sections  for 
the  electronic  states  of  N2  at  low  impact  energies.  One 
encounters  two  major  experimental  problems  w  ith  low- 
energy  absolute  cross  section  measurements:  1)  in 
analyzing  data  associated  with  various  bands  of  a  given 
electronic  state  the  cross  section  dependence  has  to  be 
explicitly  considered  for  each  band  ( because  the 
excitations  occur  at  different  impact  energies  above  the 
respective  thresholds);  2)  special  calibration 
procedures  are  required  to  compensate  for  the  dependence 
of  the  detector  efficiency  on  the  residual  energy  of  the 
electrons  and  to  place  the  measurement  on  the  absolute 
scale.  A  new  computer  code  for  analyzing  the  electron 
energy-loss  spectra  and  a  procedure  for  the  absolute 
calibration  of  the  cross  sections  were  developed  and 
will  be  described. 

We  have  now  determined  absolute  cross  sections  for 
elastic  scattering  and  electron-impact  excitation  of  the 
lower  triplet  states  of  N2  in  the  near  threshold  region. 
Results  will  be  presented  for  impact  energies  ranging 
from  7.5  to  20  eV  and  scattering  angles  between  15°  and 
120°.  The  measurements  are  performed  with  a  crossed- 
fceam  spectrometer  using  single  hemispherical  energy 
selectors.  At  1.5  nA  primary  beam  intensity  the  overall 
energy  resolution  is  27  meV. 

Two  examples  of  energy  loss  spectra  for  10  eV 
impact  energy  ana  15°  and  120°  scattering  angles  are 
given  in  Fig.  1.  Even  from  these  unprocessed  data  it 
can  be  seen,  that  the  Intensity  ratios  for  elastically 
and  1  nelastically  scattered  electrons  vary  drastically 
with  angle  for  the  excitation  of  some  bands  (e.g.  the 


peak  associated  with  the  X1  g  -  B3  g,  v  =  1  transition 
at  E  =  7.564  eV)  whereas  in  other  cases  they  change 
only  smoothly  (for  instance  for  the  process  X*  g  *  A3  J, 
v  =  6  at  E  =  7.184  eV).  The  elastic  DOS’s  are  nearly 
isotropic  at  this  energy. 

This  work  was  performed  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology  and  was 
supported  in  part  by  the  National  Aeronautics  and  Space 
Administration  and  in  part  by  the  National  Science 
Foundation. 
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Fig.  1 .  Electron  impact  energy- loss  spectra  for  N2 
obtained  at  10  eV  impact  energy  and  15°  and 
120°  scattering  angles. 
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Recently  there  has  been  an  Increasing  interest  in 
non  dipole  effects*  ^  following  collisions  of  low  energv 
electrons  with  simple  molecules.  Excitation  of  the 
B27+  state  of  N*  has  been  particularly  widely  studied^ 
because  of  the  wide  use  of  the  resultant  First-Negative 
bands  in  plasma  diagnostics.  The  development  of  super¬ 
sonic  beam  techniques  has  allowed  rotationally-specif ic 
target  preparation  so  that  non-dinole  effects  in  the 
excitation  (ionization)  process  become  much  more  obvious. 
Excited  state  rotational  pooulations  have  generally  been 
deduced  from  emission  spectra  following  the  initial  ex¬ 
citation  process.  Considerable  rotational  warming  of 
+  2„+ 

the  N.  B  ..  state  has  been  observed  as  the  incident 
2  u 

electron  energv  was  decreased  and  various  models  have 
been  put  forward  to  explain  the  observations.  DeKoven 
et  a  I . ^  suggest  that  an  interaction  occurs  between 
the  ion  and  the  ejected  electron  thus  causing  a  break¬ 
down  of  the  '\K  *  +1  dipole  selection  rule.  Becker  et 

a  1 .  ^  looked  at  the  excitation  of  the  N.  C'  state, 

2  4  u 

where  no  ejected  electron  was  involved  and  observed 
similar  rotational  warming  effects  which  increased  as 
the  incident  electron  energy  was  reduced  towards 
threshold. 

In  the  present  study  laser  f luorescence  techniques^ 

4- 

are  used  to  probe  the  rotational  population  of  the  S, 

2  + 

(X  ”  )  state  following  electron  collisions  with  a  cold 
R 

N.,  beam  from  a  pulsed  supersonic  jet.  The  operation 

"  +  2.-  + 
of  the  svstem  was  as  follows.  N_  X  ..  molecules  were 

2  g 

formed  using  a  pulsed  electron  gun.  After  allowing 
sufficient  time  for  the  decay  of  any  excited  ionic 
species  the  interaction  region  was  probed  with  the  10  ns 
pulse  output  from  a  molectron  N,?- 1  aser-numped  dye  laser 

svstem.  Suitable  choice  of  dye  allowed  different  vibra- 
2  + 

tional  levels  of  the  X  ;.  state  to  be  investigated. 

^  2  + 
Following  absorption  of  a  laser  photon  to  the  R 

(v  *  0)  state,  the  resulting  1911  A  fluorescence  was 
detected  using  a  cooled  photo-multiplier.  Tvpieal  scans 
of  the  R-branch  region  of  the  (0,1)  vibrational  transi¬ 
tion  are  shown  in  Figure  l.  Clear  differences  in  the  two 
spectra  taken  at  100  and  50  eY  impact  energies  can  be 
seen  with  more  rotational  development  apparent  in  the 
50  eV  spectrum. 

Detailed  studies  are  being  made  of  the  effect  of 
collisions  involving  secondary  electrons  from  the 
ionization  process  or  from  beam-aperture  interact  ions . 
Relative  cross  sections  for  different  *.K  transitions  in 


the  ionization  process  as  a  function  of  incident 
electron  energy  will  be  presented  at  the  Conference. 

7  6  5  4  3  2  4  0 
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Figure  1.  Variation  of  3914  S  (0,0)  output 

fluorescent  intensity  as  a  function  of  input  laser 

wavelength.  The  R-branch  members  of  the  X2'*  (v  *  l) 
7  +  ^ 

ST  (v  =  0)  transition  are  indicated. 
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PARTIAL  GENERALISED  OSCILLATOR  STRENGTH  FOR  IONISATION  OF  THE  NITROGEN  MOLECULE  BY  1-KEV  ELECTRON  IMPACT 

K.Kuroki  t  F.Nishimura,  N.Oda  and  T.lchimon 

Research  Laboratory  for  Nuclear  Reactors,  Tokyo  Institute  of  Technology,  Meguro-ku,  Tokyo,  Japan 


Generalised  oscillator  strengths (GOS)  have  been 
derived  from  measurements  of  double-differential  cross 
sections  (DOCS)  for  ionising  collisions  by  electron 
impact  on  various  kinds  of  atoms  and  molecules. 
However, in  the  DDCS  measuremnts  one  ar.not  determine  the 
initial  and  final  states  of  the  transitions  of  interest 
when  many  orbitals  take  part  in  these  transitions. 

The  aim  of  this  study  is  to  obtain  more  detailed 
information  on  the  structures  of  the  GOS,  that  is, 
partial  generalized  oscillator  strength  (PGOS) 
corresponding  to  the  specified  transitions  by  using 
electron-electron  coincidence  (e-2e)  method. 

The  GOS  becomes  approximately  equal  to  the  optical 
oscillator  strength  when  the  momentum  transfer  of  the 
incident  electron  tends  to  zero.  Van  der  Wiel,Brion  and 
their  coworkers (Br ion  and  Hamnett  1 98 1  and  references 
therein)  have  measured  the  partial  optical  oscillator 
strengths  by  using  electron-electron  and  electron-ion 
coincidence  methods  in  the  case  of  0°  scattering  of 
incident  electrons.  In  our  measurements  the  scattering 
angle  of  the  incident  electrons  is  not  limited  to  the 
08  angle  and  therefore  the  monentum  transfer  of  the 
incident  •u^»,ron<  can  be  varied. 

In  the  present  vork,TDCS  have  been  measured  for  a 
nitrogen  molecule  bombarded  by  1  keV  electrons  using  a 
crossed-beam  method.  The  (e-2e)  spectrometer  system 
consists  of  a  cylindrical  mirror  analyzer (49*0.5° ( 
J.E/E-0.3")  for  the  scattered  electrons,  a  45°  parallel- 
plate  mirror  analyzer (l~m4 3 ,1E/E*1 . 0Z)  for  the  ejected 
electrons,  fast  coincidence  circuits  and 

microcomputers.  In  measurements  of  the  GOS, when  the 
energy  loss  of  the  incident  electrons  is  fixed, the 
energy  of  the  ejected  electrons  varies,  corresponding 
to  the  individual  molecular  orbital  taking  part  in  the 
ionising  collisions.  The  TDCS  and  partial  DDCS  were 
normalised  to  the  absolute  scale  with  respect  to  the 


TDCS(10',,cm*eV',sr'8)  Eo=iooo.OeV 


absolute  DDCS  which  were  previously  measured  using  a 
static  gas  target  in  our  labolatory,  by  integrating  the 
relative  TDCS  over  all  ejection  directions,  assuming  a 
cylindrical  symmetry  about  about  the  directin  of  the 
momentum  transfer. 

The  TDCS  measurements  to  derive  the  GOS  were 
performed  under  coplanar  geometry  where  the  azimuthal 
angle  $  equals  0  or  The  scattering  angle  was 
varied  from  +5®, +2°, -2°  to  -20°,  corresponding  to 
momentum  transfer  from  0.21  to  4.9  au,  and  the  ejected 
angle  from  +40°  to  +120®.  Figure  1  shows  the  anguiar 
distributions  and  the  energy  sprctra  of  the  ejected 
electrons  for  the  scattering  angle  6a*15  ,in  the  form 
of  TDCS.  The  incident  electron  energy  is  1000. OeV,  and 
the  energy  loss  is  83. OeV.  The  four  orbitals  indicated 
by  arrows  in  the  figure,  correspond  to  the  molecular 
orbitals  of  3og  (15.59eV,X2Zg  ),  1iu  ( 16 .96eV,A2Ku) , 
2ou  (18.78eV,B2Zu  )  and  2og  (37 . 3eV, 2Zg) . 

In  the  nomalisation  procedure  we  ignored  the 
contributions  of  the  10g  and  1ou(409.9eV)  orbitals  and 
the  configuration-interaction  state(28eV) .The 

contribution  of  the  recoil  peak  to  the  TDCS  was  20Z  at 
6a«5  ,402  at  9a“2  .  Figure  2  shows  the  total  and 
partial  GOS  plotted  against  the  square  of  the  momentum 
transfet(K)  for  the  energy  loss  of  83. OeV.  An  arrow  on 
the  ordinate  indicates  the  value  for  an  energy  loss  of 
83eV  at  K*0  which  was  estimated  by  extrapolation  of  the 
experimental  data  odtained  by  Weight  et  al  (1976)  for 
energy  losses  less  than  69eV. 
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Generalized  oscillator  strength  (GOS)  for 
the  dipole-forbidden  quadrupole-allowed  t  ransi 
tion  X'E*  a*‘‘g  (Lymann-Bi rge-Hop fie  Id  band) 
in  molecular  nitrogen  has  been  obtained  at 
1  keV  electron  incident  energy. 

We  have  used  a  crossed-beam  type  electron 
energy-loss  spectrometer  which  has  been  des¬ 
cribed  earlier1.  An  extensive  set  of  energy- 
loss  spectra  have  been  obtained  in  tht  angular 
range  2  to  20  degrees.  In  figure  1  we  present 
a  typical  electron  energy-loss  spectrum,  mea¬ 
sured  at  2°.  The  energy  resolution  is  appro¬ 
ximately  ().(>  eY  and  the  energy-loss  range  is 


The  relative  differential  cross  section 
for  the  Lymann-Bi rge-Hop fiel d  band  (9.2  cY  e- 
nergv-loss)  has  been  measured  and  made  absolu¬ 
te  by  comparison  with  the  absolute  elastic  dif 
ferential  cross  section  of  Jansen  et  al2. 

The  corresponding  GOS  is  presented  in  fi¬ 
gure  2.  There  is  a  good  agreement  with  the 
experimental  results  of  Oda  and  Osawa’  and 
Skerbelle  et  al*.  A  poor  agreement  is  obser¬ 
ved,  however,  with  the  results  published  by 
Wong  et  al5.  The  theoretical  calculations  ba¬ 
sed  on  the  Born  Approximation6  agree  with  the 
experimental  results  only  in  the  range 
0<K:<0.3  a.u.;  the  calculations  based  on  the 
Random  Phase  and  Tamm-Pancoff  Approximations? 


on  the  other  hand,  show  a  reasonable  agreement 
only  for  K2>1  a.u. 


the  Lymann-Bi rge -Hop fiel d  Band. 
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The  resonance  structure  associated  with  ele  tron 
scattering  by  the  hydrogen  molecule  has  been  the 
subject  of  many  theoretical  and  experimental  studies^  ^ . 

In  contrast,  electron  scattering  by  Li  has  received 

2  4 

relatively  little  attention.  Miller,  et  al  have 
measured  total  cross  sections  for  e  ♦  Li*  scattering  in 

2  o2 

the  0.5-10.0  eV  region  and  find  a  very  large  ^~500  A  1 
and  rising  total  cross  section  for  the  low-energy 
region.  These  results  suggest  that  some  sort  of  shape 
resonance  may  be  found  in  this  system  corresponding  to 

a  low-lying  state  of  Li*  .  Such  resonant  states  have 

•  L  .  5 

been  observed  in  electron  impact  excitation  of  Na^  . 

The  location  of  the  low-lying  electronic  states  of 
Li0  is  also  required  for  an  analysis  of  Li  formation 

by  dissociative  attachment  (DA)  of  e  +  Li*  and  for 

*■  ^ 

studies  of  collisional  vibrational  excitation  of  Li*. 

7  2 

McGeoch,  et  al  have  commented  on  the  possibility  of 
Li  formation  through  a  series  of  reactionc  similar  to 
those  found  for  e  +  H^. 

In  order  to  clarify  the  electronic  structure  of 
the  Lij  anion,  a  series  of  ab  initio  calculations  of 
the  parent  state  of  L and  of  several  possible 

symmetries  of  the  anion  were  undertaken.  The 
calculational  framework  that  was  chosen  was  a 
configuration- interact  ion  (Cl)  expansion  built  from 
orthonormal  Slater-type  orbitals  (STO's^.  An  extended 
(14a,  6tt,  2d)  basis  was  optimized  using  several  methods 
of  approach.  Complete  orbital  optimization  was 
possible  only  for  Li^  and  the  ground  X^JE^  state  of 
Lij  since  the  excited  anion  states  are  either 

autodetaching  at  some  critical  internuclear  separation 

2„  ♦ 

or  are  pure  resonant  states.  The  lowest  £  state  of 
_  8 
Lij  ►  which  is  the  principle  channel  for  DA  of  e  ♦  Li^, 

is  variat ional ly  stable  for  large  internuclear 

separations,  and  a  smooth  extrapolation  of  optimized 

orbital  exponents  for  this  state  was  carried  out  into 

the  autodetaching  region.  The  purely  resonant  states 

of  Li  and  Li^  were  treated  using  a  modified 

nuclear  charge  hami 1 tonian ,  similar  to  that  described  by 

g 

Nestmann,  et  al  .  In  this  method  the  resonant 
states  are  variat ional ly  stabilized  by  an  increased 
nuclear  charge  and  an  analytic  extrapolation  is 
carried  out  to  determine  the  real  part  of  the 
expectation  value  of  the  unperturbed  hamiltonian. 

The  calculated  results  are  shown  in  Fig.  1  for 
several  low-lying  electronic  states  of  L .  Our 
calculated  electron  affinity  for  Li^,  derived  from  our 


location  of  the  X  JE^  state  of  Li^’,  is  0.42  eV,  in 
good  agreement  with  previous  theoretical  studies. 


Li(2$g)  +  Li(3Pu) 

;mJsq) + u<2s,) 


-  4.01 - 1 - 1 - 1 - 1 - 1 - 1— t — I 

1.0  2.0  3  0  4.0  5.0  6.0  7.0  * 


FICL'RL  1  Low-Lying  Resonant  Statt  f  of  Li  . 

The  A  *  state  of  Lij”  exhibits  a  complex  potential 

energy  for  internuclear  separations  smaller  than  3.45A, 

where  a  crossing  with  the  X  £  +  state  of  I i.  is  found. 

v  2 

This  resonant  state  of  Lij  is  mainly  of  the  Feshbach 
type  with  a  small  width  for  decay  to  the  ground  state 
of  Lij.  Of  special  interest  is  the  low-lying  2/7u 
resonant  state  which  lies  approximately  150  meV  ab'we 

the  ground  state  of  Li*.  This  anion  state  has  a 
2  2  2  2 

dominant  MO  configuration  of  (1<7  lo  2 a  ITT  ) , 

g  u  g  u 

indicating  a  relatively  large  capture  width  for 

low-energy  electron  scattering,  and  is  probably 

responsible  for  the  large  scattering  cross  sections 
4 

observed  by  Miller,  et  al  for  low  collisional  energies. 

2  2 
The  character  of  this  1 7  state  is  similar  to  the  f7 
u  g 

resonant  state  of  N^  in  that  the  anion  state  lies 

lower  than  the  corresponding  neutral  parent  for  a  wide 

region  of  internuclear  separations  (3.5^R<9.0  A). 
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Recent  years  molecular  fluorine  has  been  of  great 
interests  because  of  its  wide  application  to  the  high 
power  UV  lasers  such  as  rare  gas  halide  or  F2  lasers.  We 
performed  high  resolution  electron  energy  loss  spectro¬ 
scopy  of  F2  to  find  the  upper  level,  f^r^,  o  *  F?  laser.  In 
the  pioneering  work  of  Nishinura  and  his  collaborators, 
the  lower  level  of  the  laser  transition,  a^"u.  has  been 
reported }■  which  we  also  confirmed  by  the  use  of  "contami¬ 
nation-free”  sample. 

The  experimental  apparatus  was  the  same  as  we 
reported  in  the  XIII  ICPEAC.4  The  overall  resolution  was 
30- bO  meV.  The  incident  electron  beam  was  crossed  at  90 
deg.  at  the  collision  '.enter.  The  sample  gas  contained  10 
%  of  F-,  in  He,  which  was  delivered  from  Central  Glass  Co. 
Th-  purity  of  the  sample  was  satisfactory  :  we  observed 
only  the  feature  of  at/aroiv.d  13.14  eV  in  the  energy 
loss  spectrum  'air  '  .''.4%,  CF  less  than  0.0002%'. 

Fig.l  shows  the  energy  lc-ss  spectrum  of  F-,  at  the 
incident  electron  energy  of  1ft  eV.  In  the  energy  loss 
region  of  11.8  eV  to  12  *>V,  the  vibrational  structure 
F  *  ■  observed  at  the  smaller  scattering  angle.  It  is 
evident  that,  for  the  larger  scattering  angle  ,  e  new 
feature  becomes  apparent  near  11.6  eV.  We  assign  these 
.re  as  ,  tr.v  pn-het^d  upper  laser  level .' »“*The 

p"parc/ 1«>:.  between  *v<  ad  ■:  *  v ;  bra*  .  •  n  *  1  txe  . 
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almost  the  same  as  that  of  F*Fg  ,  which  is  expected  by 
the  analogy  with  the  case  of  CI2 

Above  12  eV,  our  high  resolution  spectrum  '.’me', 
FWHM1  is  identical  with  the  reported  one  by  H.Vhc  *ck  **♦ 

al.6 

As  for  the  lower  laser  level  of  F2  laser,  a  *  u  ,  we 
confirmed  the  assignment  of  Nishimura  et  .)!  .1  The 
scattering  angle  dependence  of  the  broad  feature  near  3eV 
is  shown  in  Fig. 2  and  is  consider «_-d to  be  a  superposition 
of  the  triplet  and  the  singlet  state.  On  the  ether  hand, 
another  broad  feature  near  7  eV  ,  which  is  considered  to 


,  3-  3~+  1  - 


g  and  ,  does  not  show  any  drastic 


change  in  the  scattering  angle  dependence  at  the  incident 
energy  of  30eV.  Detailed  analysis  will  be  discussed. 
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Various  intersteLlar  molecular  species 
re  being  discovered*  Their  study  c-*n  help 
much  to  understand  the  mejhauis.u  of  the 
tJi.miL ion  of  stars  and  tir*  cooling  of 
i.h.'-t  .;t»'l  i <if  gas* 

dhen  the  gas  is  very  thin,  the 
1  jt«n.  i  jnaL  iy  exciteri  polar  moJecul*1  decays 
.ojstly  via  u,  1  euissiou  of  r  «-.d  i  at  ion.  This 
1  < * < id :>  t  >  a  loss  of  thermal  en^rg*,  ol  the  gas 
a.;  a  ./uoie.  Dalgatno  f*n.d  He  Oray^  discussed 
the  possiblility  of  this  tyoo  of  cooling  in 
cue  interstellar  gas.  Joilisions  of  free 
el' •jl ions ,  if  any,  with  such  molecules  may  be 
on  important  mechanism  to  cool  the 
interstellar  gas  containing  th*m. 


One  of  the  m*j;»y  moiecuLvs  found  in  the* 
interstellar  g  1 s  is  JH  molecule,  it  in  .  1 1  so 
one  of  the  comet ry  molecules.  In  the  nies'nL 
investigati ->n  rotational  excitation  cross 
sections  are  calculated  using  Lh  •  close 
counting  approximation  for  lo^  en**i  jy  (<  1  j>*v) 
electron  collision  ^ith  JH  inr  j  1  ecu  ie.  in*-? 
results  ire  compared  vfitdi  those  01  other 
investigators.  Further  rate  of  the  r»iectLon 
cooling  due  to  1  itation  excitation  is 
ca  leu  l at*  d  . 
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ELECTRON  MOMENTUM  SPECTROSCOPY  OF  CHLORINE 
C.E.  Brion,  L.  Frost  and  E.  Weigold 

The  Flinders  University  of  South  Australia,  South  Australia  5042,  Australia 


The  valence  region  of  chlorine  has  been  examined 
in  detail  using  noncoplanar  symmetric  electron 
coincidence  spectroscopy  at  lOOOeV.  The  experiments 
were  carried  out  on  a  coincidence  spectrometer 
employing  a  new  five  element  retarding  lens  with 
improved  angular  resolution,  and  position  sensitive 
detectors  mounted  on  the  hemispherical  energy 
analysers.  The  energy  resolution  was  set  at  1.3eV 
FWHM.  Complete  binding  energy  spectra  from  9eV  to 
SOeV  were  measured  over  a  range  of  azimuthal  angles 
corresponding  to  electron  momenta  of  '0.1  a.u.  to 
2.2  a.u.  The  pole  strengths  for  the  various 
transitions  and  the  individual  orbital  momentum 
distributions  were  obtained  by  fitting  the  peaks  in 
the  measured  separation  energy  spectra  with  the 
measured  transmission  function  suitably  broadened  in 
some  cases  to  allow  for  the  natural  widths  of  the 
states. 

The  ground  state  MO  configuration  of  Cf.,  is 


fcorel  (Ac  )2  (4o  )2  (5  7  )2  (2r  )4  (2~  )4 
g  u  g  u  g 


Spherically  averaged  momentum  distributions  of  all 
five  valence  states  have  been  obtained,  and  the  inner 


4  '  and  4-  transitions  have  been  clearlv  identified 
u  g 

for  the  first  time. 


The  results  are  compared  with  the  many body  Green’s 

.  1 


function  calculation  of  Bieri  et  al  .  This  calculation 
is  in  poor  agreement  with  the  data  in  the  inner  valence 
region.  Although  it  predicts  splitting  of  these 
orbitals,  it  underestimates  the  severity  of  the 
splitting  and  obtains  incorrect  positions  for  the 
dominant  poles.  Figure  1  shows  typical  binding  energy 
spectra  at  v  =  0°  (pM).l  au.  )  and  t  =  ~‘°  ip'0.5  a.u.). 
The  measured  momentum  distributions  show  that  the  peak 
at  about  27eV  binding  energy  must  be  assigned  to  the 


4.*^  orbital  which  also  shows  considerable  strength  in 


the  35eV  to  40cV  region.  The  peak  at  about  24cV  must 

be  assigned  to  the  Ac  orbital,  as  must  most  of  the 
u 

strength  in  the  20  -  22.5  and  30  -  35eV  binding  energy 
regions. 


r « •* “A  •  ** •. 


Figure  1.  Separation  energy  spectra  of  Chlorine  at 
:  =  0°  {qJO.Ob  a.u.  I  and  :  =  7°  (q_0.S  a.u.l.  The 
curves  are  the  results  of  Gaussian  fits  to  the  data 
using  the  experimental  transmission  function  and 
natural  line  widths. 
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LOW  ENERGY  ELECTRON-IMPACT  EXCITATION  OF  HF 

S.  Cvejanovic  and  J.  Jureta 

Institute  of  Physics,  P.0.  Box  57,  11001  Belgrade,  Yugoslavia 


We  present  the  first  low  energy  electron- 
impact  excitation  study  of  HF,  obtained  using  a  field- 
penetration  threshold  spectrometer' .  The  apparatus  is  a 
crossed  beam  electron  impact  spectrometer  whose  analy¬ 
ser  is  sensitive  to  very  3low  electrons  (04  E  meV), 

r 

produced  at  the  scattering  center  during  incident  beam 
energy  scan.  The  overall  resolution  is  **0  meV . 


The  lowest  energy  structure  is  a  broad  conti¬ 
nuum  having  a  maximum  at  9.9  eV.  Considering  the  high 
energy  electron-impact  data2  on  the  continuum,  a 
decomposition  of  the  threshold  yi^ld,  as  indicated  bel¬ 
ow  the  spectrum  of  Fig.  i,  shows  the  dominant  contribu¬ 
tion  of  previously  undetected  3tt  component  with  a  ma¬ 
ximum  at  9.,*-  0.1  eV,  0.6  eV  below  the  *T!  ,  in 
general  agreement  with  calculations^. 

There  is  no  detectable  excitation  of  HF  between 
the  continua  from  Fig.  1  and  Rydberg  excitation  region 
shewn  in  Fig.  2.  Almost  all  prominent  peaks  in  this 
region  are  neatly  represented  by  a  single  Rydberg  se¬ 
ries  of  six  levels  whose  mean  quantum  defect  is  1.0, 
and  only  the  first  member  shows  notable  vibrational 
excitation.  We  identified  this  state,  whose  quantum  de¬ 
fect  is  slightly  smaller  (  3=0. 91)  than  the  rest  of  the 

series,  with  ( ITT  J**1 3p6,  ^TT ,  whose  existence  was  indi- 

q 

cated  in  the  photo-absorption  work  .  Following  this 
and  intensity  distribution  arguments,  we  attribute  the 
dominant  contribution  to  other  members  of  the  series 
shown  on  Fig.  2  to  npfc,  excitations,  despite  the 
fact  that  the  integer  value  of  quantum  defect  indicates 
ns  Rydberg  series. 

The  rest  of  the  smaller  peaks  bellow  1H  eV ,  star¬ 
ting  with  a  doublet  feature  at  12.7*1/12.80  eV,  can  con¬ 
sistently  be  described  by  selective  resonant  excitation 
of  irs2U/25,  30  and  37  vibrational  level  of  otherwise 
unnoticed  B1  51  state.  The  resonance  series  in  question 
was  detected  in  transmission"*  at  energies  which  are 
about  U0  meV  above  the  mentioned  B-state  levels,  which 


Incident  electron  energy  (eV) 


FIGURE  2  T reahold  spectrua  In  the  Rydberg  region 

is  within  the  error  bar  of  its  energy  calibration,  al¬ 
though  this  energy  difference  may  loose  any  signifi¬ 
cance  in  light  of  large  width  of  the  resonance'*.  One 
small  peak  at  13-68  eV  is  coincident  with  V =2  level 
of  (lTT^np©  ,  'TT  state  whose  other  vibrational  levels 
are  masked  by  stronger  nearby  contributions. 

The  last  peak  below  ionisation  rise  and  the  stru¬ 
cture  in  the  beginning  of  the  ionisation  continuum  pro¬ 
bably  correspond  to  the  lowest  Rydberg  levels  converging 
to  the  excited  ionic  state  2 at  19.12  eV. 
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ELECTRON  ENERGY-LOSS  STUDIES  USING  A  MULTIDETECTOR  SPECTROMETER: 
THE  SPECTRUM  OF  Cl2 

Richard  J  Stubbs,  Trevor  A  York  and  John  Comer 
Physics  Department,  The  University,  Manchester  M13  9PL,  UK 


The  energy-loss  spectrum  of  C\?  has  been  studied 

1  2 

up  to  the  second  ionization  potential  A  at  14.2eV. 
Approximately  70  new  transitions  have  been  seen  and  in 
addition  new  information  is  revealed  regarding  many 
that  have  been  previously  reported^  ^ .  By  employing  a 
variety  of  scattering  conditions,  transitions  which  are 
forbidden  by  electric  dipole  selection  rules  and  are 
consequently  absent  from  photoabsorption  spectra  can  be 
enhanced  relative  to  those  that  are  allowed.  In  the 
present  work  a  monochromat ic  beam  of  electrons  with 
energy  in  the  range  5  to  120eV  is  scattered  by  a  target 
gas  which  effuses  from  a  narrow  tube.  Electrons 
scattered  in  the  range  of  angles  from  0°  to  90°  have 
been  detected. 

In  order  to  minimise  effects  due  to  corrosion  the 
spectrometer  incorporates  two  special  features.  Firstly, 
a  position-sensitive  multidetector  like  the  one 
described  by  Hicks  et  al^  is  employed  to  greatly 
improve  the  detection  efficiency  of  scattered  electrons 
and  consequently  high  quality  spectra  can  be 
accumulated  in  relatively  short  times.  Secondly, 
differential  pumping  is  used  to  reduce  the  background 
gas  pressure  in  the  vicinity  of  vulnerable  components. 

The  spectrum  of  Cl0  between  the  first  and  second 
ionization  potentials  has  not  been  previously  discussed 
in  experimental  reports  and  is  shown  in  figure  1.  The 
top  spectra  displays  the  new  data  obtained  in  this 
region  and  it  is  evident  that  many  small  undulations 
are  superimposed  on  a  slowly  changing  background.  By 
subtracting  this  background  the  undulations  become  more 
apparent  as  shown  in  the  lower  two  spectra.  The 
majority  of  the  transitions  that  are  seen  in  this  region 
form  six  vibrational  series,  four  of  which  are  allowed 
and  two  spin-forbidden.  Following  consideration  of 
the  effective  principal  quantum  numbers  of  the  series 
three  nay  form  a  Rydberg  progression  converging  on  the 
second  ionization  potential.  The  series  display  a 

quantum  defect  of  2.2  and  the  progression  may  represent 

♦  2  3  4 

'I  states  having  configuration  3pc  3pir  3pn  nso  . 
u  *  b  rgrurgg 


T  Moeller,  B  Jordan,  P  Gurtler,  G  Ziianerer,  D  Haaks, 
J  Le  Calve  and  M  C  Castex,  Chem  Phys  7_6,  295  (1983) 

D  Spence,  R  H  Huebner,  H  Tanaka,  M  A  Dillon  and 
R  G  Wang,  J  Chem  Phys  80,  2989  (1984) 

P  J  Hicks,  S  Daviel,  B  Wallbank  and  J  Comer, 

Phys  E:Sci  Instruro  13,  713  (1980) 


FIGURE  1  Spectrum  of  chlorine  between  the  first 
and  second  ionization  potentials  1(a)  displays  raw 
data,  (b)  and  (c)  are  the  result  of  subtracting  a 
smoothed  background.  Seven  vibrational  series  are 
indicated. 
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AN  ELECTRON  ENERGY-LOSS  INVESTIGATION  OF  FREE  RADICALS 
Richard  J  Stubbs,  Trevor  A  York  and  John  Comer 
Physics  Department,  Manchester  University,  Manchester  M13  9PL,  UK 


Free  radicals  such  as  SO,  CH^  and  comprise  an 
important  group  of  molecules  that  are  not  available  to 
the  exper imental ist  under  normal  laboratory  conditions. 
They  are  chemically  unstable  and  have  lifetimes  in  some 
cases  of  less  than  a  millisecond.  However,  they  are 
physically  stable  since  they  have  a  non-zero  dissociation 
energy  and,  if  undisturbed  by  collisions,  do  not 
spontaneous! y  decompose .  The  study  of  free  radical 
spectra  has  contributed  greatly  to  the  knowledge  of 
molecular  structure,  but  it  has  been  mainly  limited  to 
photon-related  techniques  such  as  photoabsorption  and 
photoemission.  Even  relatively  long-lived  radicals 
such  as  SO  are  unexplored  by  electron  impact  methods. 

An  electron  spectrometer  incorporating  a  position- 
sensitive  mult idetector*  which  has  been  previously  used 
for  electron  energy-loss  investigations  of  corrosive 
gases^*^  has  been  modified  for  the  study  of  free  radical 
spectra.  Radicals  are  produced  by  a  2450MHz  discharge 
in  a  low  pressure  gas  flow  through  a  J"  diameter  pyrex 
tube.  The  discharge  products  pass  into  the  spectro¬ 
meter  through  a  1mm  diameter  nozzle  and  the  resulting 
molecular  beam  is  crossed  with  a  monochromatic  electron 
beam. 

An  energy-loss  study  has  been  made  of  SO,  produced 
by  a  discharge  in  a  mixture  of  sulphur  dioxide  and 
argon.  Spectra  have  been  collected  at  impact  energies 
of  between  12eV  and  lOOeV  above  the  excitation  thres¬ 
hold  and  at  scattering  angles  between  2°  and  75°.  The 
energy-loss  range  covered  extends  from  0.5eV  to  9.5eV. 

A  typical  discharge  spectrum  is  shown  in  figure  la  and 
is  compared  to  an  undischarged  SO.,  spectrum  in  figure  lb. 
In  addition  to  the  expected  SO  transitions,  features 
due  to  the  transient  molecule  S2  are  also  observed. 

Spectra  collected  under  optical  scattering  conditions 

.  4,5 

are  in  agreement  with  photoabsorption  studies  and 
contain  new  SO  Rydberg  states. 

At  low  impact  energies  the  low-lying  spin- 
forbidden  states  a^Ag,  b^T  g  have  been  observed  in  SO, 

S?  and  0?  and  compared  to  the  results  of  chemiluminescence 
6^7 

studies  ’  .  A  superelastic  scattering  spectrum  of  the 
a'Ag  state  in  S2  has  been  obtained.  Two  new  quadrupole 
transitions  in  SO  are  also  proposed. 
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FIGURE  1  Spectra  accumulated  at  an  impact  energy  of 
lOOeV  above  the  excitation  threshold  and  scattering 
angle  2° 

a/  discharge  on 
b l  discharge  off 
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THRESHOLD  EXCITATION  OF  N20 

D.  Rubric,  J.  Jureta,  S.  Cvejanovic,  D.  Cvejanovict  P.  Hammond++,  G.C.  King**,  and  F.H.  Read** 
Institute  of  Physics,  P.0.  Box  57,  Belgrade .Yugoslavia 

Faculty  of  Natural  Sciences  and  Mathematics , Department  of  Physics  and  Meteorology, 

P.O.  Box  550,  Belgrade,  Yugoslavia 

** Physics  Department,  University  of  Manchester,  Manchester  Ml 3  9PL,  England 


An  electron  impact  threshold  spectrometer  of  the 
field  penetration  type1  has  been  used  to  study  the 
spectrum  of  N^O.  The  spectrum  is  obtained  in  the  energy 
range  from  1.6  eV  to  2oeV  and  with  an  overall  reso¬ 
lution  of  45meV. 

The  spectrum  on  figure  I  corresponds  to  the  excit¬ 
ation  of  the  lowest  valence  states.  The  structures  cor¬ 
responding  to  the  excitation  of  optically  allowed  , 

FI  and  2  51  states,  previously  observed  in  both 

2  3 

high  energy  electron  impact  and  photoabsorption 
experiments,  are  indicated  by  solid  vertical  bars  above 
the  spectrum.  Positions  of  optically  forbidden 
and  states  observed  in  present  experiment  are  in 

agreement  with  previous  low  energy  experiment  .  There 
is  no  evidence  of  the  excitation  of  3a  ,  3I"  and 
]Z.  in  threshold  spectrum  and  dashed  lines  indicate 

5 

their  calculated  positions  . 


INCIDENT  ELECTRON  ENERGY  [tV] 


INCIDENT  ELECTRON  ENERGY  [tV] 

PICUHE  t 

The  spectrum  On  figure  2  presents  threshold  excit¬ 
ation  of  Rydberg  states.  Rydberg  series  converging  to 
the  ground  state  of  ion  are  indicated  in  the 

figure.  The  dominant  features  correspond  to  the  excita¬ 
tion  of  the  ns 6  ,  np6  ,  and  np*r  Rydberg  series.  In  the 
same  energy  range  the  excitation  of  the  lowest  ns6 
Rydberg  state  with  A^E*  ion  core  is  observed.  Besides, 
a  number  of  new  structures,  possibly  belonging  to  an 
optically  forbidden  Rydberg  series,  has  been  observed. 
New  structures  are  indicated  in  figure  2  by  NS. 

At  impact  energies  between  2  and  3  eV  a  broad 
structure  caused  by  the  resonant  vibrational  excitation 


FIGURE  2 

of  the  ground  state  is  observed.  It  corresponds  to  the 
decay  of  two  shape  resonances,  known  to  be  present  in 
this  energy  region. 
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MOMENTUM  DISTRIBUTIONS  AND  BINDING  ENERGIES 
OF  H2D  AND  SHj  BY  HIGH  MOMENTUM  RESOLUTION  BINARY  (e,2e)  SPECTROSCOPY 

A.O.  Bawagan,  R.  Mtfl ler-Fiedler ,  K.T.  Leung*  and  C.E.  Brion 

Department  of  Chemistry,  The  University  of  British  Columbia,  Vancouver, 
B.C.,  V6T  1Y6 ,  Canada. 


High  moment un  re s)’.itin  ').la~*)  binary  (e,2e) 

spectroscopy.  In  the  symmetric  non-coplanar  geometry  (E  * 

o 

l200eV),  has  been  used  to  measure  the  binding  energy 
spectra  and  momentum  distributions  (MDs)  of  the  valence 
orbitals  of  H-0  and  NHj.  Representative  results  for  H 20 
are  shown  in  Figures  1  and  2  .  The  binding  energy  spec¬ 
tra  (Fig. la)  show  considerable  satellite  structure  In  the 
25-45eV  region  which  can  be  attributed  to  final  state 
configuration  interaction  (raany-body)  effects  involving 
the  (2a  )"*  hole  state.  This  result  is  In  general  accord 
with  the  predictions  of  a  variety  of  theoretical 
studies4"3.  However,  the  best  quantitative  agreement  (in 
terms  of  both  peak,  positions  and  intensities)  has  been 
obtained  with  the  SAC-CI  NV  calculation2  shown  in  Fig. lb. 

It  can  be  seen  from  Fig. 2  that  there  are  significant 
discrepancies  between  the  measured  and  calculated  MDs  for 
the  lb^  and  3a 1  orbitals.  The  calculations  have  been 
done  with  a  range  of  literature  SCF  wavefunct  ions  *4"6.  A 
comparison  of  theoretical  MDs  calculated  from  even  more 
sophisticated  wavefunct ions 7" 9  (ie.  with  total  energies 
extremely  close  to  the  Hartree-Fock  limit)  with  the 
experimental  MDs,  will  be  presented.  In  addition,  the 
effect  of  vibrational  motion  on  momentum  distributions  is 
currently  under  investigation. 


SAC-Cf  NV 
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Figure  2  Experimental  and  calculated  momentum 
distributions  for  the  outer  valence 
orbitals  of  water. 
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Figure  1  Binding  energy  spectra  of  the  Inner 
valence  region  of  water. 


INNER-SHELL  ELECTROS  ENERGY  LOSS 
SPECTROSCOPY  OF  PCI  i  and  SO^ 

C -E.  Brion,  R.N.S.  Sodhl  and  K.H.  Sze 

Department  of  Chemistry,  University  of  British  Columbia 
Vancouver,  B.C.  V6T  lYb,  Canada 


Core  electronic  excitation  spectra  of  PC13  (Phos¬ 
phorus  2p,  2s;  Chlorine  2p,  2s)  and  S02  (Sulfur  2p,  2s; 
Oxygen  Is)  have  been  measured  using  inner-shell  electron 
energy  loss  spectroscopy  at  high  impact  energy  and  small 
scattering  angles. 

The  measurements  for  PCI 3  were  made  using  an  earlier 
described  spectrometer  *  at  Eq  -  !500eV  and  over  the  range 
0  ■  0.9  to  4.8  degrees.  The  energy  resolution  is  in  the 
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Figure  1  Energy  Loss  Spectrum  of  PC13 
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Figure  2  P  2p  Spectrum  of  PCl} 


range  0.l8-0.36eV  (FWHM).  A  wide  range  spectrum  (Fig.l) 

shows  the  P  2p,  2s  spectra  and  the  Cl  2p  edge.  Figure  2 

shows  the  P  2p  region  in  detail.  The  original  ISEELS 

* 

spectrum,  run  at  n  *  0.9  ,  showed  a  small  peak  (4  )  not 
present  in  the  previously  published  soft  X-ray  spectrum ^ 


It  Is  unusual  to  observe  such  intense  forbidden  trans¬ 
itions  under  the  present  conditions  of  transfer 

'K*  “  0.25).  Spectra  have  b>*e  .  -  .  *  ,  ;rs  >f  scat¬ 
tering  angles  to  Lnvestiga'^  *-his  vide:  ’  -di  -  * 

transition.  Frjm  fig  are  2  it  *ar.  be  sue  i  t  ha  :  i.- 
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Figure  3  0  Is  Spectrum  of  SO  , 

* 

itlon  (4  )  becomes  relatively  large  by  ^  a  4.8°  compared 
to  neighbouring  dipole  allowed  transitions  (1,2,3).  A 
detailed  Investigation  of  this  forbidden  transition  will 
be  reported  together  with  the  other  PCI  3  spectra3. 

A  new  high  resolution  electron  energy  loss  spectro¬ 
meter’4  has  been  used  to  study  core  electronic  excitation 
specta  of  SO-,  (Sulfur  2p,  2s;  ‘Oxygen  Is).  These  spectra 
were  obtained  at  Eq  *  3000eV  and  ^  *  03.  Figure  3  shows 
the  0  Is  excitation  spectrum  of  SO,,  obtained  at  an 
energy  resolution  of  0.09eV  (FWHM).  This  corresponds  to 
an  equivalent  A\  of  0.004  '  at  2 3 A  which  compares  very 
favourably  with  resolution  obtainable  by  optical  methods 
in  this  region.  These  results  and  the  sulfur  spectra^5 
will  be  reported. 

This  work  received  financial  support  from  The 
Nataral  Sciences  and  Engineering  Research  Council  >f 
Canada . 
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ELECTRON  ENERGY  LOSS  SPECTROSCOPY 
OF  NHj  IN  THE  5.5-11  eV  ENERGY  RANGE 

0.  Roy,  M.  Furlan,  M.-J.  Hubin-Franskin,  J.  Oelwiche,  and  J.E.  Collin 

Laboratoire  de  Spectroscopie  d'Electrons;  University  de  LiJge  B6, 
Cart-Tilman,  4000  par  LiAge  1,  Belgium. 


vie  report  a  study  of  the  singlet  states  of  ammonia 
in  the  5.5-11  eV  energy  range  by  means  of  high  resolu¬ 
tion  electron  energy  loss  spectroscopy.  Spectra  mea- 
s^-ed  at  55  eV  incident  electron  enemy  and  various 
scattering  angles  '4°-4C0i,  with  an  energy  resolution 
o'  15  or  2C  meV,  allowed  us  to  determine  further  accu¬ 
rate  data  on  the  vibrational  progressions  and  electronic 

states.  Previously  published  electron  i-i-oact  measure- 

1  2 

~ents  were  obtained  at  mediu~  energy  resolution. 

're  instrument  is  a  VG  IEELS  400  electron  spectro¬ 
meter  modified  for  the  study  o'  gases.  The  electrosta¬ 
tic  deflectors  for  the  energy  selection  and  analysis  are 
150°  hem spherical  condensers.  The  target  gas  is  intro¬ 
duced  through  a  needle,  around  which  the  analyzer  sys¬ 
tem  can  be  rotated  from  -35°  to  -120°  with  respect  to 
the  direction  of  the  incoming  beam.  All  this  set-up  is 
enclosed  in  a  mumetal  vessel,  pumped  by  turbomolecul ar 
and  cryogenic  pumps. 


in  a  U V  spectrum  while  the  relative  intensities  of  the 
different  electronic  bands  are  somewhat  different.  But 
dramatic  changes  occur  when  the  scattering  angle  is  in¬ 
creased,  depending  on  the  character  of  the  transitions. 

're  dominating  A  state  progression  exhibits  15  vi¬ 
brational  levels  involving  out-of-plane  vibration.  The 
region  above  shows  the  two  overlapping  progressions  of 
the  B  and  C  states,  the  latter  being  much  stronger  in 
electron  impact  excitation  than  in  photoabsorption.3 
Inspection  of  the  D  state  region  at  high  resolution  re¬ 
veals  an  underlying  state  classified  as  the  0"  state. 
Above  9.5  eV,  many  members  of  the  progressions  arising 
from  E,  f,  and  G  states  are  identified  and  can  be  compa¬ 
red  to  photoabsorption  data.3 

The  study  of  the  angular  dependences  of  the  diffe¬ 
rential  cross  sections  of  these  states  reveals  that  some 
assignements  proposed  before  may  have  to  be  revised. 
Further  details  will  be  presented  at  the  Conference. 


Fig.l  Electron  energy  loss  spectrum  of  NH^ 

Figure  1  shows  the  eneryy  loss  spectrum  in  the  re¬ 
gion  studied,  for  50  eV  incident  electron  energy  and  40° 
scattering  angle.  Inspection  of  this  and  other  spectra 
obtained  at  various  angles  allowed  us  to  determine  eight 
electronic  transitions  accompanied  by  a  large  number  of 
vibrational  levels.  The  overall  shapes  of  the  extended 
vibrational  progressions  are  similar  to  what  is  found 
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SMALL-ANGLE,  INTERMEDIATE  ENERGY  (1.0  k»Vj 
ELECTRON  ENERGY  LOSS  SPECTRA  OE  ETHYLENE 

Ana  C.  A.  e  Souza,  G.  Gerson  B.  de  Souza 

Instituto  de  Qufmica  da  Universidade  Federal  do  Rio  de  Janeiro 
Cidade  Universitaria  -  21.910  -  Rio  de  Janeiro  -  RJ  -  Brasil 


Electron  energy-loss  spectra,  covering 
the  elastic  and  inelastic  region  up  to  75  eV 
energy-loss,  have  been  obtained  for  the  eth^ 
lone  molecule  at  1.0  keV  impact  energy. 

The  measurements  were  carried  out  using 
the  electron  impact  spectrometer  described  by 
Souza  et  al 1 .  The  scattered  electron  intensi¬ 
ties  were  measured  as  a  function  of  energy 
l  '.E )  in  the  angular  range  2  to  8  degrees.  The 
energy  resolution,  as  determined  by  the  full 
width  at  half  maximum  (fwhm)  of  the  elastic 
peak,  was  approximately  1.5  eV.  In  figure  1 
we  present  typical  spectra,  obtained  at  3,  4 
and  5  degrees.  The  results  have  been  normali_ 
zed  to  the  elastic  data  of  Fink  et  alJ  and 
converted  to  double  differential  cross  sec¬ 
tions  . 

Financial  support  from  the  Conselho  Na- 
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FIGURE  1  -  Electron  Energy  loss  Spectra  for 
Ethylene  at  1  kei  Incident  F.ner- 
g>- 
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ELECTRON  MOMENTUM  SPECTROSCOPY  OF  CHLOROMETUANES 
A.M.  Grisogono,  W.  von  Niessen*and  E.  Weigold 
The  Flinders  University  of  South  Australia,  South  Australia  5042,  Australia 


*Technische  Universitat  Braunschweig, 

The  molecular  orbital  structure  of  the  chloro- 
methanes  ^,n  =  0,..4)  has  been  studied  by 

electron  momentum  spectroscopy  via  the  noncoplanar 
symmetric  (e,2c)  reaction.  This  technique  generates 
electron  binding  energy  spectra  at  various  values  of 
azimuthal  angle  (corresponding  to  different  bound 
electron  momenta),  and  hence  the  electron  momentum 
distributions  of  valence  molecular  orbitals  may  be 
determined. 

The  experiments  were  performed  at  1000  and  1200eV 
incident  electron  energy  over  a  range  of  8  to  45eV  in 
binding  energy  with  an  energy  resolution  of  1.2eV. 
Azimuthal  angles  of  0°  to  27°  provided  an  electron 
momentum  range  up  to  2  a.u.  with  a  resolution  of 
0.1  a.u. 

The  data  are  analysed  by  fitting  the  experimental 
resolution  function  to  the  observed  peaks  (matched  to 
high  resolution  photoelectron  spectra  where  available 
in  the  outer  valence  region).  The  resulting  pole 
strengths  for  the  various  transitions  are  compared  to 
theoretical  pole  strengths  calculated  by  a  combination 
of  the  outer  valence  Green’s  function  methods  (OVid) 
and  an  extended  two  particle-hole  Tamm-Dancoff  Green's 
function  approximation  f 2ph-TDA)  for  the  inner  valence 
region.  The  measured  electron  momentum  distributions 
are  compared  with  those  given  by  the  SCF  MO  wave- 
functions  used  in  the  Green’s  function  calculation. 

Since  the  present  data  provide  relative  rather  than 
absolute  cross-section  measurements  the  data  are 
normalized  to  the  theory  at  one  of  the  outer  valence 
states,  for  which  the  pole  strength  is  close  to  unity 
and  the  thcorct ical ly  predicted  momentum  distribution 
provides  a  good  fit  to  the  shape  of  the  data. 

Comparisons  of  theory  and  experiment  for  the  other 
states  then  allow  the  predicted  symmetry  assignments 
and  pole  strengths  to  be  checked  against  the  data. 

The  2ph-TDA  model  predicts  a  breakdown  of  the 
molecular  orbital  picture  at  binding  energies  ^  20eV, 
and  this  is  experimentally  verified  by  a  complicated 
satellite  structure  which  in  effect  ’’smears  out”  the 
strengths  over  a  range  of  energies.  The  calculated 
strengths  are  generally  too  high  in  this  energy  range, 
e.g.  the  le  transition  of  CHCl^  at  2SeV  and  the  2a^ 
transition  of  at  20eV  both  fall  experimentally 

well  below  the  theoretical  cross-sections,  but  there 
is  an  appreciable  cross-section  observed  over  the 


D-3300  Braunschweig,  West  Germany 

whole  higher  energy  range  where  no  molecular  orbitals 
can  be  individually  identified.  In  the  case  of  the 
It,  state  of  CC£^  at  25eV  not  only  is  the  observed 
strength  an  order  of  magnitude  below  theory,  but  the 
shape  of  the  distribution  also  suggests  that  the 
symmetry  assignment  of  the  state  is  not  correct. 

Even  where  two  or  more  states  close  in  energy  are 
not  experimentally  resolved  the  technique  allows  some 
verification  of  symmetry  assignments,  by  comparison  of 
the  summed  theoretical  distributions  with  the  shape  of 
the  data,  since  the  shape  of  the  summed  distribution  is 
sensitive  to  the  symmetry  t-ypes  of  its  components. 

This  is  particularly  useful  in  the  outer  valence  region 
where  accidental  and  near  degeneracies  are  not 
infrequent.  For  example  the  2e  and  3aj  states  of 
CHClj,  being  of  different  symmetries,  add  to  a  complex 
distribution,  which  is  supported  by  the  data. 

In  general  the  manybody  calculations  underestimate 
the  degree  of  splitting  of  the  higher  energy  states,  but 
provide  good  models  of  the  outer  valence  states. 

Both  momentum  and  position  density  maps  have  been 
produced  from  the  theoretical  molecular  orbital 
calculations  for  all  the  orbitals  of  the  chloromethanes 
in  the  energy  range,  and  will  be  available  for  display. 
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PARTIAL  AND  TOTAL  ELECTRON  IMPACT  IONIZATION  CROSS  SECTIONS  FROM  THRESHOLD  UP  TO  180  eV 
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Recently,  there  has  been  a  growing  inter¬ 
est  in  quantitative  knowledge  on  electron  im¬ 
pact  ionization  cross  sections  of  halocarbon 

2 

compounds  used  for  plasma  etching.  Therefore 

we  have  recently  measured  partial  and  total 

3  4 

ionization  cross  sections  of  CF,  and  CC1,  *  . 

4  4 

The  present  study  is  an  extension  to  CF2C12, 
however,  using  an  improved  deflection  mass 
spectrometer  method3.  This  new  method  allows 
the  quantitative  detection  of  fragment  ions 
with  excess  kinetic  energy,  thereby  eliminating 
possible  discrimination  effects  for  the  detec¬ 
tion  of  these  ions. 

Using  this  method,  we  have  obtained  abso¬ 
lute  partial  ionization  cross  section  functions 
in  CF2Cl2  from  threshold  up  to  180  eV  for  the 
production  of  the  following  ions: 
cf2ci2+,  cfci2+,  cf2ci+,  cci2+,  ci2+,  CFC1+, 

FC1*,  CF2*,  CC1*,  Cl*,  CF*,  F*,  C*  and 
CF2C12+,  CrCl22*,  CFC12*,  CCl^*,  CC12*,  Cl2*. 


CF2Cl2.  e 

a  A  a 


I  .  •  Present 

'e  ®  Beron  and  Kevan  1969 
'  ■  *  Pejcev  et  at  1974 

•  Pejcev  el  at  19H  (norma¬ 
lized  at  100  eV  to 
present ) 

—  classical  BEA 


20  to  60  80  BO  120  KO  160  180 
Electron  energy  (eV) 


It  is  interesting  to  note,  that  in  contrast  to 
3  4 

CF^  and  CCl^  '  stable  parent  ions  exist  in 
CK2C12  with  a  cross  section  maximum  of  1.1  x 

10"22  m2  at  100  eV. 

The  absolute  total  ionization  cross  section 
function  is  obtained  by  summing  up  the  weighted 
partial  cross  section  functions  (summation 
method  ) .  Fig.  1  shows  a  comparison  between 
present  experimental  results,  previous  experi¬ 
mental  results®'7  and  values  calculated  using 
the  classical  binary  encounter  approximation 
(full  line  in  Fig.  1).  It  can  be  seen,  that 
there  is  good  agreement  in  magnitude  between 
present  results  and  values  determined  by  Beran 
and  Kevan®,  however,  that  the  results  of  Pejcev 
et  al.7  and  the  theoretical  values  are  much 
higher  in  the  vicinity  of  the  maximum  cross  sec¬ 
tion.  However,  it  is  interesting  to  note,  that 
the  theoretical  values  approach  at  high  energies 
the  present  results  and  that  the  shape  of  the 
curve  as  measured  by  Pejcev  et  al.  is  in  very 
good  agreement  with  the  present  determination. 

Work  supported  by  Osterreichischer  Forschungs- 
fonds. 
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Fig.  1  Total  ionization  cross  section  function 
of  CF jCl 2 .  See  text. 
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ELECTRON  IMPACT  SPECTROSCOPY  OF  SILANE  AND  GERMANE 
David  Spence,  R.-G.  Wang,*  and  M.  A.  Dillon 
Argonne  National  Laboratory,  Argonne,  Illinois  60439  U.S.A. 


Electronic  spectra  of  the  group  IVa  hydrides, 
silane  (SiH^),  and  germane  (GeH^)  have  been  investigated 
by  means  of  electron  energy  loss  spectroscopy  in  an 
energy  range  that  Includes  all  single-electron 
excitation  from  the  valence  shell.  Electron  impact 
spectra  of  both  gases  recorded  using  electrons  of  200-eV 
incidence  are  displayed  in  Figure  1*  The  conditions 
employed  have  been  chosen  to  favor  the  excitation  of 
states  by  direct  scattering  and  to  exclude  those 
transitions  requiring  an  exchange  mechanism.  Hence,  all 
features  in  Figure  1  are  related  to  vertical  transitions 
which  terminate  in  symmetry  allowed  and  forbidden 
singLet  states. 

The  ground-state  configuration  and  ordering  of  both 
molecules  is  (la^)2  **  (ma^)^(nt2)^  *A1  *n  symmetry. 
The  lowest  manifold  of  excited  states  arise  from  orbital 
transitions  of  the  type  s,  p,  d  ♦  t2»  The  promotion  of 
a  bonding  t2  valence  electron  to  non-bonding  Rydberg 
orbitals  expands  the  molecular  framework  of  these 
molecules,  rendering  their  electronic  spectra  dissocia¬ 
tive  below  the  first  ionization  limit.  Thus,  the 
spectra  below  the  first  IP  in  Figure  1,  which  we 
designate  region  l,  consist  almost  entirely  of  diffuse 
structures.  Provisional  identification  of  salient 
features  in  this  energy  range  are  indicated  by  labels  in 
the  figure.  The  lowest  lying  Rydberg  conf igurations  are 
consistent  with  those  suggested  in  an  analysis  of  the 
electronic  spectrum  of  methane.*  In  addition,  evidence 
is  presented  for  the  existence  of  valence  (v) 
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FIGURE  1.  Energy  loss  spectra  f rom  4  eV  to  24  eV  of 
silane  (right)  and  germane  (left). 


and  mixed  valence-Rydberg  (o*)  states. 

The  ~  4  eV  energy  interval  preceding  the  second  IP, 
designated  region  2,  is  the  range  of  optically  allowed 
autoionizing  Rydberg  series  p,  d,  ♦  aj  converging  to  the 
2 

Aj  ground  state  ion  in  both  molecules.  At  larger  scat¬ 
tering  angles,  members  of  the  forbidden  autoionizing 
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FIGURE  2.  Energy  loss  spectra  from  IS  eV  to  19  eV  of 
silane.  Similar  structures  appear  in  the  same  energy 
region  of  germane,  shown  in  Fig.  1. 

series  s,  d,  «■  a1  are  expected  to  substantially  overlap 
those  of  the  allowed  series.  The  9°  spectra  in  Figure  1 
reveal  the  presence  of  much  discrete  structure  converg¬ 
ing  to  the  respective  2A^  ion  states.  The  region  of  the 
silane  spectrum  containing  the  structure  has  been 
recorded  independently  and  is  displayed  in  Figure  2. 

The  spectrum  appears  to  consist  of  at  least  two  progres¬ 
sions  and  an  underlying  continuum.  The  peaks,  numeri¬ 
cally  labelled  to  facilitate  ident if ication  are  broad¬ 
ened  considerably  by  both  autoionization  and  instrumen¬ 
tal  resolution  (->  40  meV).  Term  value  locations  of 
selected  peaks  measured  relative  to  2Aj(v'  -  0)  at 
17.95  eV  are  included  in  the  figure,  together  with  the 
appropriate  terminating  orbitals.  Peak  positions  cor¬ 
respond  fairly  well  we  those  reported  using  threshold 
photoelectron  spectroscopy.2  However,  the  angular 
behavior  depicted  in  Figure  1  suggests  the  substantial 
contribution  of  optically  forbidden  transitions. 

This  work  is  supported  by  the  U.S.  Department  of 
Energy. 
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The  binary  (e,-e)  spectroscopy  or  momentum  spectro-  space  molecular  orbitals  as  calculated  from  a  Gaussian 

scepy  allows  the  analysis  of  the  electronic  structure,  basis  set. 

the  determination  of  the  ionization  potentials  'an;  of  These  results  in iicute  that  the  Gaussian  basis  set 

tne  relevant  satellite  structure.  If  any}  ar.i  the  momen-  fairly  well  predicts  the  momentum  distribution  an:  IF 

turn  -iistributicn  of  the  one  electron  orbitals  of  a  mole-  of  external  valence  shell  orbitals.  Further  work  is  in 

cular  system  .  Jr.  this  spectroscopy  the  two  out  coming  progress  tc  measur*-  other  e.m.i. 
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f  t:.e  r*-s;.:.a.  :  I:.  *a.:e  f  :.isr::  incident  energy  ar: : 

m  m.ent  *.?.  tra:.sf*r,  is  nearly  opposite  to  the 
r.cmer.t  Jr.  '  f  the  tour.:  •>.ectr  n,  the  scattering  process 
;ec.: mes  similar  tu  *:.at  f  free  electrons.  The  cress 
section  is  pro  pert  i  or.u.  to  '  the  square  proiuct  of 
two  factors:  tne  ?■  .rier  transform  :  average!  ever  the 
oriental  1 . f  of  tne  -rtital  of  the  ejestei  particle, 
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and  tnat  jf  t:.e  remain :er  of  the  molecule  (  -V  '• 

after  ar.  i  or.ic.at  i  .-u  process  which  has  left  any  other 
orbit?!-  frozen.  From  this  point  of  view,  !  qv  ^  '•  is 
to  be  rea  j  as  tr.e  product  of  a  free  particle  state  and 
an  icr.  eigenfunction.  We  thus  have 
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being  $  tne  HF  eigenstate  of  the  struck  electron  and 

r  (a)  the  electron  momentum,  distribution  (EMIL  . 
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The  (e,2e)  experiments  were  carried  out  with  ar. 
electron  coincidence  spectrometer  at  quite  high  incident 
energy  (ItjO  eV !  ar.d  in  out-of-plane  symmetric  kir.emu- 

Frevious  measurements  performed  cr.  methane  ar.  i 
flucrosuhstituted  methanes  '  ’  showed  the  importan  •••  f 
‘.’.emical  environment  on  the  electron  momentum  iistriru- 
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silicon.  The  mor.ent.cn  space  Investigation  of  fleer-  sili¬ 
con  compounds  presents  infact  a  noticeable  interest 
because  fluorine  p  orbitals  have  size  an:  »*nergy  fuv 
ring  a  large  participation  in  the  bon i .  In  Fir.  1  <‘ic*:vy 
spectra  of  CiF  measured  at  i I f forest  \ -momentum,  val  u  e 
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INNER-SHELL  SPECTRA  OF  BENZENE,  PYRIDINE  AND  CYCLOHEXANE 
STUDIED  BY  keV  ELECTRON  IMPACT 

A.  P.  Hitchcock*,  D.  C.  Newbury*,  A.  L.  Johnson°,  J.  A.  Horsley*  and  J.  Stohr^ 

*  Department  of  Chemistry,  McMaster  University,  Hamilton,  Canada  L8S  4M1 
°  Materials  and  Molecular  Research  Division,  Lawrence-Berkeley  Laboratory, 
University  of  California-Berkeley ,  California  94720 
Corporate  Research  Science  Laboratory,  Exxon,  Annandale,  NJ  08801 


A  differentially  pumped,  inelastic  electron  scatter¬ 
ing  spectrometer^  has  been  constructed  at  McMaster  Uni¬ 
versity  for  systematic  studies  of  the  inner-shell  spectra 
of  gaseous  molecules.  The  spectrometer  is  operated  under 
single  scattering  conditions  with  3  keV  incident  electron 
energy  and  1-2°  scattering  angles  such  that  primarily 
electric  dipole  transitions  are  excited.  Recently  we 
have  recorded  the  spectra  of  a  number  of  cyclic  saturated 
and  unsaturated  organic  molecules  including  cyclohexane 
(Fig.  1)  and  pyridine  (Fig.  2).  The  interpretation  of 
these  spectra  is  aided  by  comparison  to  the  photoelectron 
yield  spectra  of  the  same  molecules  in  oriented  mono- 
layers  or  condensed  films  recorded  with  soft  x-ray 
synchrotron  radiation  (SSRL)  and  by  the  results  of 
SCF-Xi  calculations.  The  condensed  phase  spectra 
distinguish  valence  and  Rydberg  transitions  while  the 
polarization  dependence  of  the  spectrum  of  the  oriented 

molecule  allows  unambiguous  assignment  of  -  or 
2 

character  . 


The  j  resonance  intensity  in  the  continuum  of  both 
pyridine  and  benzene  is  split  into  two  features,  3  and 
lOeV  above  the  K-shell  IP.  The  continuum  shape  obtained 
from  the  SCF-Xa  calculation  of  benzene  shows  two  features 
arising  from  promotions  of  carbon  Is  electrons  to  a* 
orbitals  of  and  symmetry.  The  position,  relative 
intensity  and  polarization  dependence  of  these  features 
are  in  good  agreement  with  the  experimental  results. 

Research  supported  by  NSERC  (Canada)  and  Exxon  Research 
and  Engineering  Company, 
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A  comparison  of  the  pyridine  and  benzene  free 
molecule  ano  condensed  phase  spectra  has  allowed  a 
definitive  reassignment  of  the  previously  reported  gas 

3 

rhase  benzene  carbon  K-shell  spectrum  .  The  feature  at 


288. OeV  (03)  in  benzene  is  clearlv  the  b~  -*  valence 

2g  3 

state,  not  a  3p  Rydberg  state  as  previously  assigned  . 


Energy  Loss  <eV) 

Fig.  I:  Electron  energy  loss  .spertra  of  (a)  benzene^ 
and  (b)  cyclohexane  in  the  region  of  carbon 
K-shell  excitation. 


Fig.  2:  Electron  energy  loss  spectra  of  pyridine 
recorded  with  3  keV  impact  energy  in  the 
region  of  (a)  carbon  K-shell  and  (b)  nitrogen 
K-shell  excitation. 
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molecular  geometry  from  k-shell  resonances  in 

INELASTIC  ELECTRON  SCATTERING  SPECTRA 
A.  P.  Hitchcock*  and  J.  StShr'*' 

*  Department  of  Chemistry,  McMaster  University,  Hamilton,  Canada  L8S  AMI 

*  Corporate  Research  Science  Laboratories,  Exxon,  Annandale,  NJ  08801 


In  recent  years  inelastic  scattering  of  keV  electrons 
has  been  used  to  record  electron  energy  loss  spectra  in 
the  region  of  K-shell  excitation  of  molecules  containing 
C,  N,  0  and  F*.  These  spectra  exhibit  resonance  features 
around  the  K-shell  ionization  threshold.  The  resonances 
of  a  particular  molecule  are  also  observed  essentially 
unchanged  in  the  solid  state  either  in  a  low  temperature 
condensed  film  or  when  the  molecule  is  chemisorbed  on  a 
surface  under  conditions  where  the  geometry  does  not 
change  appreciably.  The  polarization  dependence  of  the 

synchrotron  K-shell  electron  yield  spectra  of  chemisorbed 
2 

molecules  clearly  indicates  the  resonance  symmetry.  The 
invariance  of  near-edge  resonances  with  physical  state 
(free,  surface-chemisorbed  or  solid)  shows  these 
resonance  states  are  highly  localized  and  only  dependent 
on  the  intramolecular  potential  and  geometry. 

Recently,  we  have  shown  that  for  one  class  of 
molecular  K-shell  features,  v  shape  resonances,  the 
position  of  the  resonance  relative  tc  the  K-shell 
ionization  threshold  *5)  yaries  systematically  with 
intramolecular  distance  The  resonance  position 

changes  by  up  to  25  eV  for  a  given  combination  of  core 
excited  atom  and  adjacent  species.  If  an  association 
is  made  between  a  resonance  and  a  particular  set  of 
core-excited  and  adjacent,  back-scattering  atoms  then  a 
remarkably  good  linear  relationship  (Fig.  1)  is  observed 
between  6  and  R  within  classes  of  resonances  character¬ 
ized  by  the  same  Z^,  the  sum  of  atomic  numbers  of  the 


pair  of  atoms  involved  (for  example  Z ^  =  1A  for  B-F,  C-0 
and  N-N  bonds) .  This  empirical  relationship  has  been 

used  to  estimate  intramolecular  bond  lengths  to  within 

°  A  5 

±0.05  A  for  both  free  and  chemisorbed  molecules. 

The  evidence  for  the  R-dependence  of  resonance 
positions  will  be  presented  along  with  a  comparison  to 
recent  theoretical  treatments  of  near-edge  core  excitation 
resonances.  In  addition,  recent  studies  of  the  inner- 
shell  spectra  of  a  variety  of  sulfur  containing  molecules 
will  be  reported.  These  investigations  seek  to  determine 
if  the  : (K)  approach  can  be  applied  to  features  in  the 
core  spectra  of  third  row  atoms  and  thus  enable  determin¬ 
ations  of  bond  lengths  to  silicon,  phosphorus,  sulfur 
and  chlorine. 

Research  supported  by  NSERC  (Canada)  and  Exxon  Research 
and  Engineering  Company. 
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Figure  1:  K-shell  '  shape  resonance 
position  (*  =  Er-IP)  versus  bond 
length.  For  molecules  such  as  CO  the 
point  is  the  average  of  the  * 
resonance  position  in  both  core  spectra 
(Cls,  Ols).  The  lines  are  linear 
least  squares  fits  to  points  in  the 
same  class  of  Zj,  the  sum  of  atomic 
numbers  of  the  bonded  atoms. 


140 


i  50 


■r 


▼ 


a 

! 

r. 

f: 

s 

* 

w 

i 

i 


k 


T25 


271 


THE  STUDY  OF  ELECTRIC  DIPOLE  FORBIDDEN  INNER  SHELL 
TRANSITIONS  BY  ELECTRON  IMPACT  EXCITATION 

I  Harrison  and  G  C  King 

Physics  Department,  Manchester  University,  Manchester  MI3  9PL,  UK 


In  the  study  of  inner  shell  transitions  in  atoms 
and  molecules  the  electron  energy  loss  technique  has 
some  important  advantages  over  photon  absorption  studies 
using  synchrotron  radiation.  Thus  ror  states  with  high 

values  of  excitation  energy  (>200eV)  electron  impact 

12 

can  provide  superior  energy  resolution  .  A  second  and 
perhaps  more  important  advantage  of  electron  impact 
excitation  is  its  ability  to  induce  electric-dipole 
forbidden  transitions.  This  can  occur  when  the  value 
of  incident  energy  is  reduced  to  a  value  close  to  that 
of  the  state,  and  the  optical  selection  rules  are 
relaxed.  Recently  the  electron  energy  loss  technique 
has  been  used  to  observe  for  the  first  time  an  inner 
shell  electric  dipole  forbidden  transition^. 

A  new  electron  spectrometer  using  an  unselected 
electron  beam  has  been  constructed  specifically  for  the 
study  of  these  electric  dipole  forbidden  transitions. 

The  principal  advantages  of  the  new  spectrometer  are 
the  large  incident  electron  currents  available  at  the 
target  (typically  several  hundred  nano  amps)  and  the 
ability  to  go  to  low  values  of  incident  energy 

(typically  lOOeV  above  the  threshold  energy  of  the 
state  of  interest).  For  example,  in  the  case  of  CO 
the  dipole  forbidden  transition  from  Is  to  2pTi  state 
has  been  studied  closer  to  threshold  than  ever  before 
and  with  improved  sensitivity. 

The  spectrometer  has  been  used  to  study  electric 
dipole  transitions  in  a  range  of  molecules.  In  most 
cases  new  states  have  been  observed.  The  data  yields 
directly  the  values  of  singlet-triplet  splittings  and 
hence  an  understanding  of  the  exchange  interactions 

which  involve  the  inner  shell  hole.  The  data  also 

4 

allows  recent  theoretical  predictions  to  be  tested. 

New  experimental  results  in  a  range  of  molecules, 
including  CO,  COS,  C02»  CS^  and  ^0  will  be  presented 
and  discussed.  For  example  a  value  of  (.98  .02)eV  has 
been  obtained  for  the  *  IT,3tt(1sNc)  singlet-triplet 
splitting  in  N2O. 
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CROSS  SECTIONS  FOR  H"  AND  Cc'  PRODUCTION  FROM 
HCS.  BY  DISSOCIATIVE  ELECTRON  ATTACHMENT 

0.  J.  Orient  and  S.  K.  Srlvastava 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 


Dissociative  electron  attachment  cross  section 
measurements  for  the  production  of  C7~  and  H~  Ions  from 
HC  have  been  performed  utilizing  a  crossed  target  beam- 
electron  beam  collision  geometiv  and  a  quadrupole  mass 
spectrometer.  The  relative  flow  technique  is  employed 
to  determine  the  absolute  values  of  cross  sections.  The 
experimental  apparatus  and  techniques  used  in  the 
present  measurements  have  been  described  earlier.'  Our 
dissociative  electron  attachment  cross  section  data  for 
cr/HCt  as  a  function  of  the  electron  beam  energy  are 
shown  in  Fig.  1  and  our  dissociative  electron  attachment 
cross  section  data  for  H"/HCH  as  a  function  of  the 
electron  beam  energy  are  shown  in  Fig.  2.  In  Table  I  we 
have  summarized  our  results,  together  with  data  found  in 
the  literature. 

Table  I 

Peak  Cross  References 


Ion  Peak  (eV) 

Section  cur 

and  Methods 

H”/HC.  6.9 

(5.2*0.4)x10‘19 

Azria  et  al.2 
(Static  mas) 

9.2 

(2.8*0.2)x10_1  9 

Azria  et  al.2 
(Static  mas) 

7. 1-0.1 

(2.1*0.42)x10-1° 

Present  Hork 

9.05-0.1 

(0.93-0.1  9)x10-,<* 

Present  Work 
(Cross  beaml 

C;-/HC.  -1.5 

- 

Gut  bier  and 
Neuert’ 

( Static  oas) 

0.66*0.02 

- 

Fox' 

(Static  nasi 

0.77*0.1 

“ 

Frost  and 
McDowell5 
(aiarm) 

0.46*0.02 

3.9*10"1B 

Buchelnikova® 
(Static  aaa) 

0.81 

19.8x10~’8 

Christoph  orou 
et  al.’ 

(a»arm) 

0.84*0.005 

- 

Zlesel  et  al.° 
(Static  eas ) 

0.84 

(8.9*0.7)x10‘l8 

Azria  et  al.2 
(Static  ms) 

-0.8 

-25.0x10'18 

Sfce  et  al.  9 
C&farm) 

0.82*0.04 

0.85*0.02 

(26.6*5. 3)x10*18 

Allen  and  Wonglu 
(Static  gas) 
Present  Work 
(Cross  beam) 

This  work  was  performed  at 

JPL-Caltech  and 

supported  by  AFOSR  and  NASA. 
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Fig,  1.  The  arrows  indicate  the  position  of  the 
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IONIZATION  AND  DISSOCIATIVE  IONIZATION  OF  CO,  CO, 

AND  CH„  BT  ELECTRON  IMPACT 

0.  J.  Orient  and  S.  K.  Srivastava 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 

Cross  sections  for  ionization  and  dissociative  - - - t - 1 - 1 — 

ionization  of  CO,  COj,  and  CHjj  by  electron  impact  are  of 

considerable  interest  for  the  various  plasma  systems  and  f 

are  also  important  from  the  theoretical  point  of  view.  /  \ 

He  have  measured  these  cross  sections  by  utilizing  a  / 

crossed  electron  beam-molecular  beam  technique,  A  I 

quadrupole  mass  spectrometer  was  employed  for  detecting  Fig.  3  ~s 

the  various  fragments.  A  detailed  description  on  the  |  I 

experimental  setup,  procedures  and  normalization  method  ’  '  \  /• 

can  be  found  in  a  publication  by  Orient  and  Srivastava.1  : 

Cross  section  data  on  these  molecules  are  presented  I 

in  Figures  1  through  A.  He  estimate  that  the  accuracy  |  f 

of  these  cross  sections  is  about  15K.  Comparisons  have  / 

been  made  with  the  previously  published  results.  In  I 

general,  within  the  error  limits  our  data  agree  well  ■/ 

p  -  -t* - - 1 - -  1  _ _ 

with  those  published  by  Rapp  and  his  co-workers,  :x  wc  mo  «»  sco  «o 
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ELECTRON  IMPACT  IONIZATION  AND  DISSOCIATIVE  IONIZATION 
OF  AMMONIA 

0.  J.  Orient  and  S.  K.  Srlvastava 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 


We  have  utilized  a  crossed  electron  beam- molecular 
beam  collision  geometry  and  a  quadrupole  mass 
spectrometer  to  study  the  ionization  and  dissociative 
ionization  processes  in  ammonia.  The  incident  electron 
energies  were  chosen  from  threshold  of  the  ionization  to 
500  eV.  Experimental  apparatus  and  normalization 
procedures  are  described  in  a  previous  publication  by 
Orient  and  SrivastavaJ 

It  was  observed  that  upon  electron  impact  NH^ 
ionizes  into  NH^*  and  dissociatively  ionizes  into  NH^4’, 
NH4,  and  N4  fragments.  The  cross  sections  for  all  these 
processes  were  measured.  Total  cross  sections,  which 
are  the  sum  of  all  individual  cross  sections  connected 
with  the  above  mentioned  processes,  are  presented  in 
Fig.  1  along  with  previously  published  data.  It  is 
clear  from  this  figure  that  there  is  a  large 
disagreement  between  the  present  measurements  and  some 
of  the  previous  ones.  The  present  results  are  uncertain 
by  about  15$. 

Cross  sections  for  ionization  into  NH^4,  NH24»  NH4, 
and  N4  are  presented  in  Fig.  2.  Due  to  the  limited 
space  here  a  comparison  with  all  the  previously  measured 
data  can  not  be  given.  In  general  there  are  large 
differences  between  the  various  measurements  and  again 
this  is  due  to  different  methods  of  normalization. 
However,  we  have  one  major  difference  from  the 
previously  published  data.  It  is  connected  with  the 
ratio  of  NH^^/NH^-4.  Past  results^*-*  show  that  this 
ratio  is  less  than  1.  However,  our  measurements 
indicate  that  the  ratio  is  greater  than  1  which  is 
consistent  with  the  findings  of  Brion  et  al.  by  the 
methods  of  photoelectron  spectroscopy. 

Work  was  performed  at  JPL-Caltech  and  was  sponsored 
by  AFOSR  and  NASA. 
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Fig.  1.  Total  ionization  cross  sections  for  NH^. 
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ABSOLUTE  MEASUREMENT  OF  THE  PHOTOEMISSION  CROSS  SECTION 
FOR  LYMAN-a  RADIATION  PRODUCED  IN  e“  +  Ho  COLLISIONS 


R.  C.  C.  Ligtenberg,  Armon  McPherson,  N.  Rouze 
W.  B.  Westerveld,  and  J.  S.  Rislev 


Department  of  Physics 
North  Carolina  State  University 
Raleigh,  North  Carolina  27695-8202  USA 


We  have  developed  a  technique  and  apparatus  for  the 
measurement  of  absolute  electron  impact  photoemission 
cross  sections  in  the  vacuum  ultraviolet  (vuv)  wave¬ 
length  region.  Well-parametrized  synchrotron  radiation 


is  used  to  simulate  the  radiative  emission  of  decaying 


atoms  excited  along  an  electron  beam.  A  multi- 


adjustable  manipulator  is  used  to  precisely  position  a 


spectrometer-detector  system  in  front  of  the  radiometric 


calibration  port  of  SURF  II  (National  Bureau  of 


Standards,  Gaithersburg,  Maryland).  The  spectrometer- 


detector  system  used  consists  of  a  Minuternan  302 VM 


Seva-Namioka  type  spectrometer  with  a  Jobin-Yvon 
holographic  grating  and  an  EMI  9642/4B  Venetian  blind 
photomul t iplier •  The  manipulator  has  two  axes  of 
rotation,  one  of  which  coincides  with  the  spectrometer 
entrance  slit,  the  other  with  the  exciting  electron 


beam.  Those  two  rotations  allow  synchrotron  radiation 


to  be  scanned  across  the  grating  surface  in  such  a  way 
that  the  angles  of  emission  encountered  in  the  electron 


atom  source  are  accurately  duplicated.  in  this  way 
point-to-point  variations  in  the  detection  efficiency, 
see  Fig.  1,  and  geometrical  factors,  such  as  collection 
solid  angle  and  length  of  electron  beam  viewed,  are 
determined  in  an  integral  fashion.  We  anticipate  an 


KCiWT  six/ 


FIG,  I.  Map  of  the  relative  detection  efficiency  as  a 
function  of  position  on  the  grating  surface 
for  a  spectrometer  setting  of  121. b  nm.  The 
synchrotron  radiation  was  polarized 
perpendicular  to  the  grating  grooves. 


ultimate  overall  accuracy  of  5?  for  cross  sections 


obtained  with  this  system. 


A  preliminary  measurement  of  the  photoemission 


cross  section  for  Lyman— i  radiation  produced  in  100 


and  300  eV  e  +  collisions  has  been  performed,  A 
MgF-»  window  was  placed  in  front  of  the  photomultiplier 
to  block  contr ibut ions  from  multiple  order  dispersion 
of  synchrotron  radiation.  An  emission  spectrum  produced 


by  collisions  of  100  eV  ele.  irons  with  H->  is  shown  in 


Fig.  2.  The  use  of  a  spectrometer  allows  an  accurate 
determination  of  the  Lyman- j  signal  arising  from 


dissociative  excitation  of  H>  separate  from  the 


molecular  emission  in  tins  wavelength  region.  Our 


prel iminary  measurements  indicate  that  the  accepted 


value  for  the  I.vman-u  emission  cross  section*  is  too 


high.  This  conclusion  is  substantiated  by  a  recent 


absolute  measurement  hv  Van  Zyl  ot  j  1 


This  work  was  supported  in  part  hv  the  Aeronomy 
Program  of  the  National  Science  Foundation,  Grant 


No.  ATM-8 1-21 724. 
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ANGULAR  INTENSITY  DISTRIBUTION  OF  BALMER-Ct  AND  LYMAN-a  EMISSION  EXCITED  BY  ELECTRON  IMPACT  ON  Hj 

.  *  ♦ 

S.Arai,  M.Morita,  K.Hironaka,  N.Kouchi.,  N.Oda  and  Y.Hatano 

Department  of  Chemistry,  Tokyo  Institute  of  Technology,  Meguro-ku,  Tokyo  152,  Japan 
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Observation  of  optical  emission  from  excited  frag¬ 
ment  atoms  produced  by  dissociative  excitation  of  mole¬ 
cules  is  of  great  importance  in  understanding  highly  ex¬ 
cited  molecular  states  and  their  dissociation  processes. 
Translational  spectroscopy  of  dissociation  fragments  has 
been  successfully  carried  out  by  observing  the  Doppler 
profile  of  optical  emissions  from  fragment  atoms.1  It  has 
been  shown  theoretically  that  the  Doppler  profiles  depend 
not  only  on  the  kinetic  energy  and  the  spatial  distribu- 

7 

tion  of  fragment  atoms  but  also  on  the  population  into 
their  magnetic  sublevels,  i.e.,  the  polarization  of  atom¬ 
ic  radiation?  The  Doppler  profile  should  be,  therefore, 

2 

affected  by  the  observing  direction,  and  it  has  been 

known  that  optical  emission  from  excited  atoms  by  elect- 

4 

ron  impact  on  molecules  is  anisotropic  and  it  has  been 
confirmed  experimentally  for  Balmer-a  emission  by  elect¬ 
ron  impact  on  •  This  paper  presents  the  anisotropy  of 
Balmer- a  and  Lyman-a  emission  excited  by  electron  impact 


The  anisotropy  of  optical  emission  has  been  mainly 
described  as  the  polarization  degree,  II,  which  is  defined 

as,  - (i), 

where  lu  and  Ia.  are  emission  intensities  whose  electric 
vectors  orient  parallel  and  perpendicular,  respectively, 
to  the  incident  electron  beam.  The  value  of  II  is  also 
obtained  from  eq.(2)  by  measuring  the  angular  distribu¬ 
tion  of  optical  emission  intensity  1(0),^ 

I(0)/I(9O*)-l-Hco«2e  -  (2), 

where  0  is  the  detecting  angle  with  regard  to  the  elect¬ 
ron  beam.  Since  the  correction  of  the  polarization  sensi¬ 
tivities  of  devices  which  have  been  used  to  detect  the 
optical  emission  is  the  serious  problem  especially  in  the 
measurement  of  I,,  and  1^,  the  latter  method  based  on 
eq .  (2)  has  an  advantage  for  obtaining  the  value  of  II.* 
Balmer-a  emission  was  detected  through  an  interfer¬ 
ence  filter  with  a  photomultiplier,  while  Lyman-a  emis¬ 
sion  was  detected  through  a  MgFj-Oj  f^tcr  wi*h  a  conti¬ 
nuous  dynord  electron  multiplier  (Ceratron).  Using  a 
static  gas  target,  the  correction  of  the  apparatus  func¬ 
tion  was  made  accurately  than  that  of  a  crossed  beam 
method.  Anisotropy  of  optical  emission  has  been  obtained 
from  the  angular  distribution  measurement  and  expressed 
by  II  using  eq.(2).  Energy  dependence  of  II  for  Balmer-a 
and  Lyman-a  emission  is  shown  in  Fig.1  and  Fig. 2,  respec¬ 
tively.  Large  discrepancies  with  the  results  obtained  by 
different  groups  from  X*  and  I*  measurements  may  refrect 
the  difficulty  in  determing  the  detecting  efficiency  of 


1 1  and  1 1 . 


ELECTRON  ENERGY  (eV) 

Fig.  1  Polarization  degree  7.  of  Balmer-i  emission. 

0:this  work,  #:Karolis  and  Harting(ref .6) , 

X :Glass-Maujean(ref .7) .  •  and  X  are  obtained  from 
I,  and  1^  measurement. 


‘  *  *  . 


ELECTRON  ENERGY  (eV) 

Fig. 2  Polarization  degree  II  of  Lyman-a  emission. 

Osthis  work,  m:Malcolm  et  al(ref.B),  x:Ott  et  al 
(ref.9).  •  and  x  are  obtained  from  Ia  and  I* 
measurement . 
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ANGULAR  DISTRIBUTION  OF  FRAGMENTS  FROM  DISSOUATIU  LLL<  IKON  \l  I  At  li  >i.\  I 


Andrew  U.  Hazi 

Physics  Department,  Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  9455U  USA 


The  formalism*  describing  the  angular  distribution  of 
products  that  result  from  the  dissociative  attachment  of 
electrons  to  diatomic  molecules  has  been  extended  to 
include  the  cases  where  the  fragments  possess  internal 
angular  momenta.  The  present  theory,  just  as  the  earlier 
work,  is  based  on  the  customary  projection  operator 
treatment"  of  the  electronic  resonance  states  of  molecular 
anions.  In  addition,  the  theory  makes  extensive  use  of 
f rame  transformations  applied  within  the  adiabatic  nuclei 
approximation.^  The  expressions  for  the  total  scattering 
wavefunetion,  the  equation  governing  the  nuclear  motion 
and  the  scattering  amplitude  for  dissociative  attachment 
have  been  derived  using  several  different  body-fixed 
representations  of  the  total  scattering  wavefunetion. 
Formal  difficulties  associated  with  each  of  these 
representations  have  been  examined  and  found  not  to  be 
signilicant  in  those  cases  where  the  effects  of  rotational 
motion  can  be  neglected. 

1  he  theory  takes  on  its  simplest  form  when  the 
projection  operator  formalism  is  applied  to  that  body-fixed 
scattering  wavefunetion  which  is  a  simultaneous  eigenstate 
of  H,  and  R  (=  3$),  where  H  and  Jz  are  the  Hamiltonian 
and  the  z-component  of  the  total  angular  momentum 
operator,  respectively.  Both  H  and  Jz  refer  to  the 
body-fixed  frame  in  which  the  z-axis  is  taken  along  the 
internuclear  axis.  The  eigenvalues  of  the  "operator"  K 
specify  the  orientation  of  the  internuclear  axis  relative  to 
the  z-axis  of  the  space-fixed  frame. 


For  heteronuclear  diatomic  molecules,  the  present 
expression  for  the  angular  distribution  of  fragments  reduces 
to  the  previously  derived  results*  provided  the  rotational 
period  is  small  compared  to  the  time  required  for 
dissociation.  However,  I  also  find  that  in  cases  where  more 
than  one  partial  wave  contributes  to  the  attached 
electron's  wavefunetion,  not  only  the  total  width  of  the 
resonance,  but  also  the  decay  amplitude  for  cacti  partial 
wave  is  required  for  calculating  the  angular  distribution  of 
fragments.  This  result  holds  even  when  one  uses  the  "local" 
or  "boomerang"  approximation^  for  treating  the  nuclear 
motion. 

The  extension  of  the  present  theory  required  for 
describing  dissociative  electron  attachment  to  hoinonuclear 
diatomic  molecules  will  be  discussed. 

*  This  work  was  performed  under  t Me  auspices  of  the 
U.  S.  Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory  under  contract  No.  Vs-74U5-Lng-48. 
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ANGULAR  DIFFERENCE  DOPPLER  PROFILES: 

DYNAMICS  OF  FORMATION  OF  H*  IN  ELECTRON -H2  COLLISIONS 

Teiichiro  Ogawa ,  Keiji  Naka j ima ,  and  Hirofumi  Kawa2umi 

Department  of  Molecular  Science  and  Technology,  Kyushu  University,  Kasuga-shi,  Fukuoka  816,  Japan 


A  high  resolution  measurement  of  the  Doppler  profile 
of  the  Balmer  lines  produced  in  electron-molecule  colli¬ 
sions  and  its  J i f f erenc iat ion  has  disclosed  the  transla- 


Balmer  lines  was  measured  with  a  Fabry-Perot  interfero¬ 
meter  with  an  optical  resolution  of  about  0.065  X. 

There  are  four  major  dissociation  processes  for  the 


tional  energy  distribution  of  H*,  D*  and  N*.  This  method  hydrogen  molecule  as  are  shown  in  the  potential  energy 


is  verv  useful  if  the  dissociation  is  approximately  iso¬ 
tropic.  However,  recent  studies  have  disclosed  an  angular 
dependence  of  the  Balmer  lines.”  Thus,  more  accurate 
analysis  with  a  due  consideration  for  anisotropy  has  to 


be  made  for  a  further  studv  of  di? 


:  iat ion  dynamics. 


The  angular  J isc r ibut i on  has  in  general  a  dipolar 
form  and  depends  on  an  asvmnetrv  parameter  b.  The  proba¬ 
bility  for  an  atom  to  emit  toward  an  angle  .  with  respect 
to  the  dissociation  axis  depends  on  its  magnetic  suM^vel; 
Jp  is  a  parameter  for  polarization  in  the  sublevel: 

Jp  =  (Jii  -  '  U»  -*■  !*>.  '11 

The  Doppler  profile  observ. d  at  angle  with  respect  t  > 
the  electron  beam  is  obtainable  with  these  two  parameters: 
F(‘V\v)  *  fV/lh--:v)(.Ilj+.Jli)(l  -  J 

•  I  hP;  (cos** IP? (cos i )  * .  (2> 

There  *re  usual lv  more  than  one  dissociation  pro¬ 
cesses  *  r  the  produi  t  i'»n  >:  the  excited  atom.  Each  of 
them  n.v  •  >av«.  a  se!  different  anisotropy  parameters. 

In  so.  f  ■  as .•  -st  imat  :  'f  the  two  kf\-  parameters  car.  be 

i  irriod  ut  ‘-v  ?»•:;. g  the  difference  of  the  two  Doppler 
r:-:  ilt-s  m  asured  it  tv-  different  angles  *3  and  6'.  If 


=  FT  •  ,uo  ,vl  -  F (,*.* ,45  , v ) 

1  *’  •  ;v  1 1  !„•*■  5^  1  M  -  .IpCOs‘y)  b  P2  (cosy)  (3) 

it-.m  w:  a  uniform  velocity  v.  The 

L*ni  e  DonpL-r  profile,  .‘.Ff.'.*)*  should  be 
:•  inteer  it  ion  over  v.  Typical  simulated 


*  i  »r.  *■  harrbcr  . 


*).'ppler  pr  files  for  atoms  with  large 
:  i **  —  ;s  s hi »wn  in  Fig.  1. 


ed  with  a  beam  of  electron 
!Vnn!er  profile  of  the 


diagram  (Fig. 2).  They  are  divided  into  a  fast  and  a 
slow  group  (a  peak  and  a  wing  in  the  Doppler  profile). 

r~T  j  Fig-  2- 


. M  ♦H(n»4) 


yh]  :t*(2p ffw) 


I  20-  fi> 

0  5) 


h;  'iiupcj1 


energy  diagram 


0-0  :  major 
d i ssoc iat ion 


Internuclear  distance  (A) 

Typical  Doppler  profiles  of  the  Balner-2  line  taken 
at  90°  and  45°  and  their  angular  difference  Doppler  pro¬ 
file*-  art'  shown  in  Fig.  3.  A  comparison  of  the  observed 
profile  with  the  simulated  one  indicates  that  b'O  and 
Jp  •  D  for  the  major  component  of  the  fast  group.  Since 
this  component  was  assigned  to  the  direct  dissociation 
through  (2p'u)(4f)  Rvdberg  states  (AT  denotes  correlation 
with  H*(n-4)  in  the  dissociation  limit),  the  symmetry  of 
this  Rvdberg  states  has  to  be  7^  and  the  excited  hydrogen 
atom  has  to  be  either  p'  or  d^. 


F(90*> 


Ip '  1 


-Ip  ■  -1 


Fig.l.  Simulated  angular  difference  Doppler  profiles 


Fig.  4.  Observed  Doppler  profiles  and  their  differences. 
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AN  Ab-INITIO  STUDY  OF  THE  DISSOCIATIVE  ATTACHMENT  TO  Hj  OF  ELEC"  R  '  ENERGIES  6  eV  to  12  e  • 

S. Bhattacharyya*.  L. Chatter jee  and  K. Easu  _ry 

*Gokhale  College.  Calcutta  700020.  Ir.c 
Jadavpur  University.  Calcutta  70CC32. 


An  ab-initlo  dissociative  attachment  (DA) 
cross  section  for  H~  Ion  formation  Is  obtained 
after  allowing  some  modification  over  our  pre¬ 
vious  field  theoretic  calculation*  and  with  a 
more  realistic  type  of  molecular  and  ionic  wave 
function.  The  result  fits  well  with  other  expe¬ 
rimental  and  theoretical  findings. 

The  phenomena  is  treated  as  a  recombinat¬ 
ion  process.  The  leptonic  field  of  the  projec¬ 
tile  electron  interacts  with  the  fields  of  the 
particles  constituting  the  target  molecule  via 
longitudinal  photon  exchange.  The  energy  ranee 
considered  here  is  much  above  DA  threshold 
(3-7  eV) .  The  velocity  of  the  target  molecule 
in  thermal  equilibrium  is  assumed  to  be  negli¬ 
gible  compared  to  the  speed  of  the  projectile 
electron.  However,  situation  will  be  different!/ 
E^i  J-7eV,  and  the  thermal  velocity  of  H 2  with 
Maxwellian  distribution  cannot  be  ianored  re¬ 
sulting  in  an  increased  phase  space. 

Cur  computation  with  hydrogen  molecule  in 

the  ground  electronic  and  vlbronic  state  gives 

for  the  cross-section 
2 


4 _  ;Kfi| 


2M.p(E1-e) 


where.  E^  and  are  the  energy  and  momentum  of 
the  projectile.  of  (')Jn:,eno t.m 

Although  one  may  auestion  here  the  Born 
type  of  interaction,  yet  the  interference  term 
between  Mee  and  gives  rise  to  peak  in  the 

cross-section  near  10  eV.  the  threshold  for  H 
2  + 

ion  formation  in  the  T_  state 


L(r)  gives  the 


All  the  1. 
because  of  the 

tlcal  particle?, 
cross- sect  lor. 


e  motion  of  the  atom  and 

in  the  summation  arise 
nouishabillty  of  the  lden- 
•*e  integrals  in  the  DA 
analytically. 


FIGURE  1  Energy  dei  a 
cross-section  due  • 

H2  by  electron. 

— •-  Experimental  rvr  -1 
- —  Experimental  ref.:- 
-  Present  theoretics: 
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Pi(X3)xL(r) 


9  SJ(Pc-VH2(XlX2r) 


(2D^X1X2X3r)-G*p(X1X2X3r)  ) 


H2(X3X2r)  and  ?3(X3>  are  respectively  the  wave 
functions  of  the  target  and  the  projectile. 
D*e(X3X2X3r)  and  G*p(X3X2X3r)  are  the  product 
of  the  wave  function  of  H  atom  and  H~  ion  along 
with  the  Coulomb  part  of  e-e  interaction  and 
e-p  interaction  respectively. 

For  example. 

D3e(X3X2X3r)  »  H(X3-r)H'(x1+2r.X2)/|x3-X2-ri 


G*P(X,X2X  r)  -  HlXj-rJH^X^r.X^/lX.+rl 


DISSOCIATIVE  ELECTRON  ATTACHMENT  TO  MOLECULAR  LITHIUM 


J.  M.  Wadehra  and  H.  H.  Michels* 

^Department  of  Phy'its,  Wayne  State  University,  Detroit,  Michigan  48202  USA 
.:m^d  Technologies  Research  Center,  East  Hartford,  Connecticut  06108  USA 


mo’erular  lithium  (Li^)  and 
- ^  i  ,  ~ ; p;  • ; nr. ir  in  thp  valence 

•*p  rate s  of  f*1ectron  attachment  to 
a1  so  be  juite  sinilar.  In 
■:*  experiments^ 

a*  election  attachment 

•••  s e ::  w^icp  •  s  comparable  to 

a’.jp'  for  u.  . 

ta'  '.bse»*v;tt  •  -,rs  as  well  as 
o 

•  {r:,-  w_  ,r,dirate“  that 

•* t ' or  ■■'f  t^*3  nolecwle  can  enhance 
ripn*  r^t“  b several  orders  cf 
•  present  studies  is  to  investi- 
! -j r  srrom  enhancement  of  the 
.  r  r  t  ’  n  i  n  ;  »*e a  S  i  na  t  he 

,  r-„  tent  i  -i  1  curves  of  some  low 

ates  of  L’-,  and  Li^.  The  lowest  two 

•>4.-  2  + 

,  namely  the  *  "  and  the  A 

j  -d 

same  electronic  symmetry  as  the 
f  -C.  However,  due  to  larne 

- T - 1 - 1 - 1 - ? - 1 


2  + 

Dolarizabi 1 i ty  and  weak  bond  strength,  the  X  state 

of  Li?  is  a  true  bound  state  for  all  internuclear 

^  2«+ 

separations.  The  A  ,  state,  on  the  other  hand,  is 
9 

bound  only  for  R  6.51  a.u.  For  smaller  internuclear 

separations,  this  state  is  the  lowest  resonance  of  Li^. 

A  semiclassical  approach  utilizing  the  local-width 

resonance  model  is  used  to  obtain  the  cross  sections 

and  rates  for  dissociative  attachment  to  Li-.  The 
2-+  4 

resonance  width  for  the  A  i state  is  parametrized  in 
atomic  units  as  "(R)  =  0.0143  k(R),  where  k ( R )  is  the 
local  wave  number  of  the  attached  electron.  The 
behavior  of  the  attachment  cross  section  is  investigated 
both  as  a  function  of  the  incident  electron  energy  for 
a  given  rovibrational  state  of  the  molecule  Li^  and  as 
a  function  of  the  internal  energy  of  the  molecule  for 
a  fixed  incident  electron  energy. 

This  research  is  supported  by  AFQSR  under  Grant 
AFOSR-84-0143  and  Contract  F49620-83-C-0094. 
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VUV  FLUORESCENCE  PRODUCED  BY  DISSOCIATIVE  ELECTRON- IMPACT  EXCITATION  OF  SF^ 

6 

+ 
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Collisions  between  electrons  and  sulphur-hexafluo¬ 
ride  ( SF, )  molecules  are  of  great  practical  interest  due 
o 

to  the  importance  of  the  molecule  in  high  voltage  insu¬ 
lators  and  spark  gaps.  Although  several  studies  utili¬ 
zing  different  techniques  have  been  performed  to  investi¬ 
gate  e  -  SF,  collisions^,  little  is  known  about  the 
6 

dissociative  excitation  of  SF,  by  electron  impact  and 

6 

virtually  no  absolute  cross-sect  ions  for  the  various 
resultant  fragment  emissions  are  available  to  date.  Da¬ 
ta  arc  particularly  scarce  for  emissions  in  the  extreme* 
ultraviolet  region  of  the  spectrum. 

We  have  studied  the  VUV  fluorescence  (400  -  2000A) 
produced  by  electrons  incident  on  SF^  under  single  colli¬ 
sion  conditions.  A  crossed  electron-gas  beam  set-up 
was  employed  in  conjunction  with  a  0.5  m  Seva-Namioka 
VUV  monochromator .  Detection  of  the  VUV  radiation  was 
made  using  either  a  Mullard  419  BL  channel  electron 
multiplier  or  a  caes ium- iodide  coated  Galileo  Electro- 
Optics  BX  7600—44 1  i  photon  counter  tube  (above  1200A). 

o 

Wavelength  scans  from  400  -  2000A  for  various  incident 
electron  energies  displayed  a  variety  of  emission  fea¬ 
tures  which  could  be  identified  as  arising  from  neutral 
or  singly  ionized  fluorine  and  sulphur.  No  emissions 
from  more  highly  ionized  species  were  found.  Excita¬ 
tion  functions  were  measured  for  the  most  prominent 
features  from  threshold  (typ.  30-50  eV)  to  600  eV  and 

they  were  put  on  an  absolute  scale  by  comparison  with 

2  3 

well-known  benchmark  cross  sections  .  In  separate- 
runs  the  threshold  region  of  each  line  was  scanned  to 
determine  the  onset  potential  which  can  yield  informa¬ 
tion  about  the  underlying  dissociation  mechan ism( s) . 

A  detailed  analysis  of  the  data  will  be  presented  at  the 
Conference,  but  the  main  results  may  be  summarized  as 
foil ows : 

1)  The  neutral  fluorine  emissions  were  found  to  be  the 
most  prominent  features.  Intense  emissions  were  observed 
around  975,  955,  806,  795  and  780A  and  weak  emissions 
were  detected  all  the  way  to  the  ionization  limit  of  FI 

o  t  .'4 

at  71 1A.  The  major  transitions  arise  from  upper  2s “  2p 
ns,  md  electron  t onf i curat  ions  (n=3,'«,5,6;  m= 3,4,5)  and 
terminate  in  the  ds*  2p^  “"p0  ground  state.  The  935A  line 
has  the  largest  emission  cross  section  of  all  observed 
fragment  emissions  with  2.1x10  ^  m"  at  200  eV  impact 
energy.  The  excitation  functions  of  all  the  FI  lines 
display  a  smooth  increase  from  a  single  onset  to  a  broad 
maximum  around  200  eV,  No  indications  were  found  that 
processes  with  different  dissociation  limits  were  occur¬ 


ring. 

2)  Emissions  from  singly  ionized  fluorine  were  observed 
in  the  spectrum  below  appr.  600A,  but  were  extremely 

0  5  3  o 

weak.  Only  the  line  at  606A  (transition  2s  2p  P 
2  4  3 

2s  2p  F)  was  intense  enough  to  be  studied  in  some 
detail.  Onset  potentials  were  found  to  occur  at  approxi¬ 
mately  45  and  59  V.  Subtraction  of  the  FI  ionization 
potential  (17.4  eV )  and  the  photon  energy  correspond inc 

o 

to  606A  (20.5  eV j  results  in  residual  energies  necessary 

to  break  up  the  SF,  molecule  of  7  and  21  eV  respectively. 
6 

3)  The  major  neutral  sulphur  emissions  occur  at  1425, 

1433,  14  7-*,  1483,  1666,  1807  and  1820A.  The  lines  cor- 

2  3 

respond  to  two  series  of  emissions,  from  upper  3s  3p 

2  4  3 

3d,  4s  electron  configurations  to  the  3s"  3p  P 

2  3  3  1  it 

ground  state  and  from  the  3s  3p  is  P,  D  states  to 
2  4  1 

the  3s  3p  D  state  respectively.  The  stronges  emis- 

o 

sion  is  the  feature  centred  at  1474A  with  an  emission 
- 19  2 

cross  section  of  3.2x10  cm  at  200  eV.  For  all  SI 
emissions  smooth  excitation  functions  were  measured  with 
a  maximum  slightly  below  200  eV  and  appearance  potentials 
around  35  V.  This  yields  residual  energies  around  27  eV, 
which  is  9  eV  higher  than  the  residual  energy  observed 
in  connection  with  the  formation  of  excited  fluorine 
f  ragmen ts . 

4)  The  emissions  identified  as  arising  from  excited  Sll 

o 

fragments  lie  between  900  and  12 60 A  with  intense  lines 
around  910,  937,  995-103 0,  J047,  1100,  1204  and  1256A. 

The  spectrum  is  verv  complex  and  a  variety  of  excited 
states  -  some  of  whuh  arc  unidentified  or  unclassified 

-  are  involved.  Typnallv,  emission  cross  sections  for 

-  1 4  1 

Sll  features  rang*  from  1-10x10  cm*’  at  200  eV.  Mea¬ 
sured  onset  potentials  yielded  residual  energies  .lose 
to  2  4  e V . 
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OBSERVATIONS  AND  CROSS  SECTIONS  FOR  ELECTRON  ATTACHMENT 
IN  MOLECULES  AT  ULTRALOW  ELECTRON  ENERGIES 

A.  Chutjlan  and  S.  H.  Alajajian 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 


Extremely  sharp,  resolution  limited  onsets  have  been 
observed  in  electron  attachment  and  dissociative 
attachment  (DA)  to  a  large  number  of  molecules.  The 
onsets  are  observed  at  electron  energies  less  than  10 
meV,  and  the  resolutions  attained  to  date  using  the  Kr 
photoior.iza tion  techniq ue^ are  =  4-8  meV  (FWHM). 
The  threshold  onset  is  a  general  phenomenon,  and  has 
been  observed  by  us  so  far  in  SFg,1  CC-^,1  CFC.^,2  2- 

C4F6?  2“c4F8»  c6f6»  ^7^8'  ^6F10  and  I*1*1" 

C2C  3F3 — 2111  molecules  known  to  have  neutral-negative 
ion  curve  crossings  at  zero  electron  energy.  The 
phenomenon  is  not  observed  in  CF^C^—a  molecule  kr.own 
to  have  a  curve  crossing  near  70  meV.  The  lineshape  for 
the  DA  channel  C  ”/CFC  ^  is  shown  in  Fig.  1  at  a 
resolution  of  4  meV  (FWHM). 

The  experimental  results  are  interpreted  in  terms 
of  the  s-wave  behavior  of  the  attachment  cross 

section  A(  )  in  the  limit  *  0,  namely^  A(  )  -  -  ~1/2 
- 1  /  ? 

=  for  =  0.  Attachment  cross  sections  are 

obtained  by  normalization  through  the  absolute 
attachment  rate  constant.1  Results  in  CC  ,,  and  SFg  are 
shown  in  F1&  2  where  comparison  is  also  made  with  other 

swarm  (o  and  . ),  collisional  ionization  (O®  and 

earlier  photoionization  results.  There  is  very 


good 

agreement  of  the  present  data  in  SFg  with 

l 

theory,7’®  in  particular  with 

a  prediction  of  the  sharp 

a 

onset  in  an  earlier  calculation  by  us.1  Experimental 

lineshapes  and  attachment 

cross  sections  will  be 
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Fig.  1.  Attachment  lineshape  for  the  process 
C'/CFC.j  at  4  meV  (FWHM)  resolution. 


presented  for  the  above  molecules,  and  comparisons  given 
with  theory  in  the  case  of  SFg. 


ELECTRON  ENERGY  (meV) 

Fi&  2.  Cross  sections  for  electron  attachment  to  CC  ^ 
and  SFg.  Present  results  are  given  as  solid 
line  (—■■—) .  The  maximum  s-wave  capture  cross 
section  ('lr2, - )  is  indicated. 

This  work  was  carried  out  at  J  PL- Cal  tech,  and  w  as 
supported  by  the  AF0SR,  DOE  and  NSF  under  agreement  with 
NASA. 
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PHOTOENHANCED  ELECTRON  ATTACHMENT  IN  C^-jCl  AND  C-jFjH  AT  193  na 
M.  J.  Rossi,  H.  Helm  and  D.  C.  Lorents 
Chemical  Physics  Laboratory,  SRI  International,  Menlo  Park,  CA  94025 


From  the  temperature  dependence  of  the  electron 
attachment  coefficients  cross  sections  for  rotationally 
and  vibrationally  excited  attachers  can  be  derived, 
that  are  significantly  larger  than  the  ones  found  for 
the  corresponding  ground  states.  The  goal  of  the  pre¬ 
sent  study  was  to  investigate  the  electron  attachment 
properties  of  vibrationally  excited  HC1  and  HF  using 
photoelimi  nation  at  193  nm  from  the  above  mentioned 
precursors  as  the  method  of  preparation. 

Our  experiment  involves  the  measurement  of  the 
electron  attachment  coefficient  of  an  electron  swarm  in 
a  drift  cell,  whose  gap  between  the  parallel  plate 

2 

electrodes  was  irradiated  with  1  mJ/cm  of  193  nm  laser 
radiation  following  the  method  of  Gruenberg. 

Figure  1  shows  our  results  for  unexcited  C2H-jC1  in 
500  Torr  He,  whose  attachment  coefficient  as  a  function 
of  reduced  electric  field  strength  E/N  shows  a  maximum 
n/P*34  cm-1  Torr'1  at  2.2  Td.  When  the  gas  mixture 
(500  Torr  He)  is  excited  with  .9  mJ/cm2  at  193  nm  the 
upper  attachment  curve  which  is  based  on  the  density  of 
ground  state  viny lchloride  (2X  excitation)  results. 
The  photoenhancement  of  the  electron  attachment  coeffi¬ 
cient  (r|/P)  is  quite  impressive  and  amounts  to  20000  at 
.1  Td  and  to  500  at  2.2  Td.  We  attribute  this  result 
to  the  presence  of  vibrationally  excited  HC1,  which  is 
generated  according  to  equation  (1).  The  concentration 

C,H,C1  — — ■»  C,H,*  +  HC1*  (v'-6±l)  (i) 

L  i  193  nm  *  z 

dependence  reveals  fast  quenching  of  the  excited 
attacher  by  the  precursor  (C2H3CI),  and  the  pertinent 
results  are  given  in  Table  1.  The  power  dependence  of 
rj/P  is  linear  up  to  to  2.3  mJ/cm  ,  after  which  it  shows 
a  "plateau",  so  that  we  must  conclude  that  an  unknown 
deactivation  process  becomes  important.  The  dependence 
of  ri / P  on  total  pressure  is  weak. 

In  the  case  of  trif luoroethy lene  the  results  are 
very  similar.  The  photoenhancement  of  the  electron 
attachment  coefficient  based  on  the  excited  density  of 
trif luoroethylene  amounts  to  a  factor  of  60000  at  .1  Td 
and  to  11000  at  6  Td  with  a  ground  state  attachment 
coefficient  of  1.0  cm  *Torr  *  and  1.8  cm  *Torr  * , 
respectively.  For  C2F^H  the  amount  of  precursor 
excitation  (.0036)  is  much  smaller  than  in  the  vinyl- 
chloride  case.  Characteristic  data  are  given  in 
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Figure  1  Experimental  Result  for  Photoenhanced 
Electron  Attachment  of  Viny lchloride. 

Table  1  and  this  effect  is  thought  to  be  due  to  the 
presence  of  vibrationally  excited  HF  according  to 
equation  (2). 


C2F3«  C2F2*  +  Hf*  (v’*5±1> 


(2) 


Table  1 

Viny lchloride  (C2H3CI)  (a  -  1.7  *  10  17  c«7) 


(Td)  _  ( cm^ ) _ (c»~*  s  3)  (cm-*  s"1) 

0.082  0.01984  4.1  *  10"!4  5.7  *  10"7  2.0  *  10"9 

1.23  0.01984  9.7  «  10~14  4.2  *  10~7  4.0  *  10"9 


Trif  luoroethylene  (1  ■  2.44  *  10  39  cm") 

0.82  1.75  *  Id"3  -.3  *  Id"14  1.5  *  Id6  4.5  *  Id"10 
4.10  1.74  *  Id"3  2.3  *  in"14  1.8  *  10"f’  8.0  *  10"10 


Experimental  data  for  the  193  nm  photoenhanced 
electron  attachment  of  vinvlchloride  (.9  mJ/rm")  and  of 

2 

t rif luoroethylene  .7 5  mJ'cra  •  (f  is  tne  fractional 
excitation  of  the  precursor,  z  is  the  averaged  attach¬ 
ment  cross  section,  ka  is  the  attachment  rate  constant. 

Acknowledgment:  Research  supported  by  ARO  is 

gratefully  acknowledged. 


ELECTRON  SCATTERING  BY  EXCITED  HYDROGEN  I C  IONS  USING  AN  OPTICAL  POTENTIAL  APPROACH 


0.  H.  Oza  and  J.  Callaway 

Department  of  Physics,  Louisiana  State  University,  Baton  Rouge,  LA  70803  U.S.A. 


In  this  work,  we  are  primarily  interested  in  the 
scattering  of  electrons  by  hydrogenic  ions  in  excited 
states  at  low  energies.  Particularly  for  ions  in  the 
excited  states,  the  coupling  between  various  states  is 
very  strong.  A  direct  calculation  using  the  close¬ 
coupling  method  with  a  basis  of  real  atomic  states 
supplemented  by  pseudostates,  as  has  been  successfully 
done  in  the  case  of  the  scattering  by  ions  in  the 
ground  state,  may  be  inadequate  due  to  the  large 
number  of  channels  which  must  be  included. 

In  order  to  describe  the  target  atom  adequately, 
including  the  excited  bound  states  as  well  as  the 
continuum,  a  basis  of  real  atomic  states  supplemented 
by  a  rather  large  number  of  pseudostates  is 
employed.  But  we  consider  only  a  small  number  of 
channels  explicitly.  A  set  of  coupled  integro- 
differential  equations  are  solved  for  this  set  of 
channels.  The  effects  of  channels  not  explicitly 
included  are  incorported  through  a  complex,  energy 
dependent,  optical  potential.  This  optical  potential 
describes  the  energy  dependent  polarizability  of  the 
initial  target  state,  and  also  includes  the  loss  of 
flux  to  other  open  channels  not  explicitly  included. 

The  set  of  coupled  integrodifferential  equations 
are  converted  to  the  integral  form  using  appropriate 
two-particle  Green's  functions.  The  resulting  set  of 
coupled  integral  equations  for  the  scattering 
functions  describing  the  motion  of  the  scattered 
electron  are 


*ia(r)  =  7  Ft(lV>6ia-  J=rj  ’  tMr-x)i:Vij(x>  ‘  f  Wx) 
+  /  y2[ut(y) rw^jCy.x)  -  i*2-  Eji 

+  u, ,(x,y) ]  t  (y)  )x2dx  (1) 

1 J  ja 


where  F^  is  the  regular  Coulomb  function  for  the 
incident  channel,  the  sum  in  the  second  term  is  over 
explicitly  included  channels,  is  the  two-particle 


Green's  function,  ui  is  the  target  state  function, 
and  are  direct  and  exchange  potentials 
respectively  and  U^j  is  the  complex,  energy  dependent, 
optical  potential. 

Uj  (r,x)  -  -  E  J  y2dy  J  z2dz  <im(r,y)  Ym(y,zlK  (z,x) 

(2) 

In  this  expression,  the  indices  i  and  j  run  over  all 
the  channels  explicitly  included  whereas  the  index  m 
is  over  all  the  channels  we  wish  to  include  via  the 
Optical  potential.  In  this  way  it  is  possible  to 
include  a  large  basis  set  without  having  to  consider 
the  dynamics  of  the  pseudostates  in  detail.  Here  Kim 
Is  the  non-local  kernel  which  includes  the  direct  and 
exchange  potential  and  ym  is  the  appropriate  Green's 
function. 

Vr-x)’fVr) 

♦  (-I)su*(x)  [t^tx.r;  - 

(3) 

Eq.(l)  is  solved  numerically  by  a  linear 
algebraic  method.  The  Green's  function,  ,  is 
adapted  to  obey  the  K  matrix  boundary  conditions.  Due 
to  the  complex  optical  potential,  the  resulting  K- 
matrix  is  also  complex.  It  is  determined  by  fitting 
the  numerical  solution  at  large  distances  to  the 
asymptotic  form.  From  the  complex  K-matrix,  the  other 
scattering  information  is  obtained  in  the  usual  way. 

We  have  been  able  to  reproduce  the  3-state 
(ls,2s,2p)  close-coupling  results  for  the  scattering 
of  electrons  by  hydrogen  atom  in  the  ground  state  in 
the  literature  using  our  computer  code.  In  the 
conference,  we  will  present  the  elastic  scattering 
cross-sections  by  hydrogen  atom  and  singly  ionized 
helium  ions  from  their  lower  excited  states. 

This  work  is  supported  in  part  by  the  U.S.  National 
Bureau  of  Standards. 
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P-WAVE  PHASE  SHIFTS  AND  RESONANCES  FOR  ELECTRON  SCATTERING  BY  He* 

D.  H.  02a 

Department  of  Physics,  Louisiana  State  University,  Baton  Rouge,  LA  70803-4001  O.S.A. 


Accurate  calculations  have  been  performed  with  an 
algebraic  variational  method*  for  the  scattering  of 
electrons  by  He*  at  energies  below  the  n=2  threshold 
of  the  target  in  the  close-coupling  pseudostate 
expansion  approximation.  The  continuum  functions  in 
the  *P-wave  are  relevant  to  the  final  state  functions 
for  the  photoionization  of  He  atoms  in  their  ground 
state,  for  which  rather  accurate  experimental  data 
exists.  In  addition,  there  are  three  series  of 
resonances,  of  which  nine  members  of  the  (2snp  +  2pns) 
series  have  been  experimentally  observed*.  Also, 
there  is  interesting  recent  experimental  work  on  the 
lowest  *P  resonance-*. 

In  this  work,  we  have  used  three  different  basis 
sets  for  the  description  of  the  target  ion.  One  set, 
which  we  call  the  6-state  set  (3-3),  consists  of  Is, 2s 
and  2p  bound  eigenfunctions  of  the  ion  and  one  s-type 
pseudostate  and  two  p-type  pseudostates.  The  14-state 
(6-5-2-1)  basis  set  consists  of  all  the  real  bound 
states  up  to  n=3  and  three  s-type,  three  p-type,  one 
d-type  and  one  f  type  pseudostates.  The  14-state 
basis  set  is  supplemented  by  one  s-type,  one  d-type, 
one  g-type  and  one  f-type  pseudostates  to  make  the  18- 
state  (7-5-3-2-1)  basis  set.  The  parameters  of  the 
larger  basis  sets  are  given  in  Ref.  1. 

Selected  and  representative  results  are  presented 
in  three  tables  below.  The  phase-shifts  in  the  non- 
resonant  region  at  an  Incident  electron  energy  of  2.0 
Ry  are  given  in  Table  1.  We  also  include  the  three- 
state  close-coupling  results  of  Burke  and  McVicar^ 

(all  real  states)  and  Jacobs5  (Is  real,  and  other 
pseudostates)  to  notice  the  significant  improvement  in 
the  present  phase-shifts.  Due  to  a  lower  bound  on  the 
phase-shifts*  in  this  case,  one  can  judge  the  accuracy 
of  results. 

The  resonance  parameters  for  the  lowest  *P 
resonance  are  given  in  Table  2.  We  compare  our 
results  with  that  of  Ho5  by  complex  coordinate 
rotation  method  and  with  the  experiment*.  The 
experimental  result  quoted  here  is  the  one  with  the 
least  error. 

To  demonstrate  the  fact  that  the  essential 
physics  of  the  scattering  problem  is  adequately 
represented  in  the  present  approach  in  a  practically 
tractable  way,  we  present  in  Table  3  the  resonance 


parameters  for  a  very  narrow  resonance  for  which  no 
other  ab  initio  theretical  results  exist  in  the 
literature,  although  the  experimental  resonance  energy 
has  been  known  for  two  decades*. 

This  work  is  supported  in  part  by  the  U.S.  National 
Bureau  of  Standards. 


Table  1.  *P  Phase-shift  for  k*=2.Q  Ry. 


Basis 

6 

ls-2s-2p  (Ref.  4) 

-0.0447 

ls-2s-2p  (Ref.  6) 

-0.0285 

6  states  (3-3) 

-0.0249 

14  states  (6-5-2-1) 

-0.02419 

18  states  (7-6-3-2-1) 

-0.02400 

Table  2. 

2s2p  3P°  Resonance 

Energy  (Ry) 

172  (Ry) 

6  states  (3-3) 

-1.620593 

0.00030U 

14  states  (6-B-2-1) 

-1,520902 

0.000301 

18  states  (7-5-3-2-1) 

-1.520913 

0.000301 

Complex  Rotation  (Ref. 

6)  -1.520985 

0.000299 

Experiment  (Ref.  3) 

0.000307 

Table  3.  (2s7p  ♦  2p7s)  1P°  Resonance 

Energy  (Ry) 

T/2  (Ry) 

6  states  (3-3) 

-1.02114 

0.0000245 

14  states  (6-B-2-1) 

-1.02135 

0.000026 

Experiment  (rfef.  2) 

-1.0216 
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ELECTRON  IMPACT  EXCITATION  OF  OPTICALLY  ALLOWED  TRANSITIONS  IN  C--LIKE  IONS 
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IK  oytu-allv  j:\-wo' 


arboii-Iike  *ons 


h.’.t  been  observed  in  the  solar  spe.  t  mm  hv  **i.inv  workers. 


The  exper  inent  a  1  l  v  observed  line  intensitv  rifi-’s  help 
in  the  determination  ■  mji.'si  t  in.! 

temperature  nt  th*  «.>■!  »r  pi  ivn  it  •*■-.,  ;»  it  im*-t  er s 

are  known .  I'hese  ;urr-!,-r.  » - ,  .  ,r 

transiri-*n  :'-*'b.»bi  1  1 1  i  m.j  • 

first  t  w  •  par  r«-t  rip  it «  w  •  :  >  .  i  •-  .* 

the  i  n:  orm  it  i  *n  *v  1 1  ?  *'-!«•  i*n  .  •  •  •  . 

is  not  vi-rv  i,  .  i r  it  e  .  ;v  •  .  •  •  .  ,  ,  . 

results  tor  ire  report e  :  •  -  •  .  i 

transitions  in  <-Sike  ions. 

idle  electron  imp  a.  t  e tT  .  •  •  :• 

am.oiv  the  Is  2  **  *  2p  ,  Is  JsJp  *vi  '•  .  -  .‘r  *• :  .  .r  it  ;•  ns 

of  ('.-like  ions  has  been  ''tailed  t  *>«  v  —  ,  t  t  *  .  od« 

and  the  results  have  alreae.v  be»r  rep.  r  t «.  1  :  t  t  he 
optically  forbidden  transitions^.  !  he  results  t  • « r  the 
optically  allowed  transitions  were  not  reported,  earlier 
because  of  the  limited  number  of  part ial  waves 
considered  (!.  9).  These  partial  waves  are 

insufficient  for  the  convergence  «..f  .  in  such 

transitions.  Hence,  the  contribution  or  J.  *  has 
now  been  cal-ulated  from  the  Coulomb-Born  program  and 
values  of  for  allowed  transitions  are  reported  here 

for  4  ions  viz.  0  III,  Ne  V,  Mg  VII  and  Si  IX.  The 
calculations  are  in  progress  for  Ca  XV  and  Fe  XXI. 

The  wavef unc t ions  used  in  the  calculations  of  for 
L  •  9  are  the  same  as  used  for  L  <  9  in  the  R-matrix 
program.  These  have  been  computed  from  the  C1V3  program* 
The  contribution  to  ft  of  L  >  9  has  found  to  be 
significant  in  comparison  to  that  of  L  <  9  and  in  fact 
increases  with  the  increase  of  incident  energy  of  the 
electrons . 

The  values  of  ft  are  listed  at  a  few  energies  in 

Table  I  for  6  optically  allowed  transitions  (among  the 
2  2  3 

2s  2p  and  2s2p  configurations)  for  each  ion.  From 
these  ..  the  excitation  rate  coefficients  can  be  easily 
calculated  because  contrary  to  the  forbidden  transitions, 
these  are  not  dominated  by  resonances.  However,  the 
resonances  in  these  transitions  are  not  completely  ruled 
out  and  we  do  observe  these  for  some  transitions  in  the 
threshold  energy  region  as  is  also  evident  from  results 
1 isted  in  Table  1 . 

The  earlier  results  available  for  these  transitions 
are  mainly  from  the  Distorted  Wave  calculations  and  are 
at  energies  well  above  the  excitation  thresholds.  On 
comparison  the  present  results  for  ft  are  found  to  be 


lower,  in  general,  by  as  much  as  a  factor  of  1.5.  This 
is  mainly  due  to  the  choice  of  different  wavef unc tions 
employed  in  different  calculations  and  partly  due  to  the 
scattering  methods  used  i.e.  R-matrix  and  Distorted  Wave. 

Table  1. 

-ollision  strengths  for  optically  allowed  transitions 
is  .«  function  of  energy  (w.r.t.  the  ground  state) 
between  the  ls*2s'2p*  and  ls^2s2p3  configurations 
‘  '-like  i ons . 


Transition 


kvd  > 
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**  *D° 
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3 
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50  7 

7 

455 

4 

.602 

5 

9S8 

2 

.592 

1 

.091 

» 

iH» 

8 

721 

7 
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6 
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3 
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1 

259 

Of 

9 
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8 

512 

6 
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8 
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4 
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1 

589 
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9 

58  3 

8 

980 

7 

162 

8 

914 

4 

.785 

1 

769 

h 

Ne  \ 

i 

00 

4 

819 

4 

460 

3 

962 

4 

788 

2 

316 

0 

980 

4 

00 

4 

962 

4 

515 

4 

047 

4 

999 

2 

632 

1 

022 

5 

lX> 

5 

137 

4 

626 

4 

170 

4 

957 

2 

618 

1 

035 

10 

00 

6 

210 

5 

356 

4 

692 

5 

700 

2 

922 

1 

170 

20 

00 

8 

100 

7 

013 

5 

831 

7 

305 

3 

634 

1 

515 

>0 

00 

9 
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8 

258 

6 

802 

8 

607 

4 

269 

1 

763 

40 

00 

10 

61 

9 

338 

7 

641 

9 

712 

4 

838 

2 

000 

c)  Mg  VII 


4.0 

3.200 

2.909 

2.750 

3.380 

1.745 

0.6866 

5.0 

3.310 

2.918 

2.722 

3.252 

1.716 

0.6780 

7.5 

3.606 

3.098 

2.778 

3.343 

1.687 

0.6868 

10.0 

3.933 

3.354 

2.936 

3.569 

1.772 

0.7372 

20.0 

5.025 

4.272 

3.500 

4.451 

2.224 

0.9540 

30.0 

5.917 

5.307 

4.098 

5.247 

2.620 

1.151 

40.0 

6.457 

5.650 

4.526 

5.831 

2.897 

1.239 

50.0 

7.044 

6.092 

4.921 

6.353 

3.092 

1.315 

60.0 

7.676 

6.636 

5.329 

6.912 

3.360 

1.431 

d)  Si  IX 


5.0 

3.038 

2.586 

1.899 

2.457 

1.186 

0.50  30 

7.5 

3.179 

2.827 

2.185 

2.855 

1.361 

0.5873 

10.0 

3.262 

2.926 

2.367 

3.052 

1 .433 

0.6095 

20.0 

3.577 

2.96 1 

2.436 

3.139 

1.484 

0.6208 

30.0 

4.165 

3.480 

2.782 

3.495 

1.664 

0.7048 

50.0 

4.649 

4.044 

3.293 

4.191 

2.025 

0.8620 

70.0 

5.297 

4.563 

3.679 

4.795 

2.314 

0.9961 

90.0 

5.969 

5.125 

4.091 

5.341 

2.575 

1.106 
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COLLISION  STRENGTHS  FOR  THE  FORBIDDEN  TRANSITIONS  AMONG 
THE  GROUND-STATE  CONFIGURATION  OF  Sill* 

Y.  K.  Ho  and  Ronald  J.  W.  Henry 

Department  of  Physics  and  Astronomy 
Louisiana  State  University,  Baton  Rouge,  LA  USA  70803 


Observations  of  the  extreme-ultraviolet  spectrum  of 
the  Jupiter  satellite  Io  during  the  Voyager  1  and  2  en¬ 
counters  revealed  bright  emission  lines  of  some  sulphur 
and  oxygen  ions.1  Atomic  data  such  as  collision 
strengths  for  various  sulphur  ions  are  needed  to  inter¬ 
pret  the  physical  conditions  of  the  Io  plasma  torus. 

For  example,  it  has  been  deduced  that  the  temperature 
of  the  torus  is  80,000K.  Electron  impact  excitation 
rate  coefficients  at  that  temperature  are  hence  of 
interest. 

We  present  calculations  of  collision  strengths  for 
the  forbidden  transitions  among  the  ground-state  con¬ 
figuration  of  Sill  ions.  Electron  impact  excitations 
for  3P-XD,  ^P-XS,  and  'd^S  transitions  are  calculated 
by  use  of  a  three-state  close  coupling  approximation. 
Configuration-interaction  type  wave  functions  are  used 
to  represent  the  target  ground  states.  The  configura¬ 
tions  are  of  3sZ3p2,  3p4,  3s3pZ3d,  3sZ3dZ,  and  3sZ3p4f. 

The  optimization  of  the  excited  orbitals  has  been  dis- 

2 

cussed  in  a  previous  publication.  The  scattering  wave 
functions  are  solved  by  use  of  a  non-iterative  integral 
equation  method. 3  Results  for  the  thermally  averaged 
effective  collision  strengths  are  shown  for  temperatures 
ranging  from  20,000  to  140.000K. 

Calculations  are  being  extended  to  investigate 
convergence  behaviour  by  including  more  states  in  the 
close  coupling  expansion.  Resonance  effects  on  the 
collision  strengths  are  also  being  investigated.  We 
will  present  the  latest  results  at  the  meeting.  A 
comparison  with  the  other  close  coupling  calculation 
at  temperatures  less  than  20.000K  will  also  be  presented. 

•Supported  in  part  by  NASA  grant  NAGW-48. 
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Fig.  1  Thermally  averaged  collision  strengths 
as  a  function  of  temperatures ; 
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DIFFERENTIAL  ELECTRON  SCATTER  DC  CROSS  SECTIOHS  FOR  THE  3s  2S,/2  •  3P  2P1/2  3/2 
TRANSniONS  IN  Mgll:  COMPARISON  OF  EXPERIMENT  AND  THEORY  ' 

I.  D.  Williams,  A.  Chutj  lan,  A.  Z.  Msezane*  and  R.  J.  W.  Henry* 

i*  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 
Atlanta  University,  Atlanta,  Georgia  303 1 N 
’’’Louisiana  State  University,  Baton  Rouge,  Louisiana  70803 


Experimental  and  theoretical  angular  differential 
cross  sections  will  be  reported  for  the  inelastic  3s 
S1/2  *  3p  pi/2  3/2  transitions  in  Mgll  at  electron 
energies  of  35  and  50  eV.1  Experimentally,  measurements 
have  been  made  in  the  range  of  electron  scattering 
angles  of  8°  ^  f  17°*  using  the  newly  developed 
electron  energy  loss  technique  in  a  90°  crossed 
electron-ion  beam  geometry.  A  five-state  close 
coupling  approximation  has  been  used  to  obtain 
theoretical  values  in  the  angular  range  0  f  f  180°.^ 
These  measurements  find  application  in  the  diagnostics 
of  high  temperature  plasmas  as  found  in  solar  flares, 
stellar  atmospheres,  and  the  interstellar  medium. 

A  velocity  analyzed  beam  of  Mgll  ions,  generated  in 
a  Mg  vapor  discharge,  was  electrostically  focussed  onto 
the  collision  region.  A  transverse  electric  field 
prior  to  the  collision  region  deflected  Mgll  ions  away 
from  any  neutral  Mg  atoms  or  photons  present  in  the 
incident  beam.  An  electron  beam  of  low  angular 
divergence  was  focussed  onto  the  ions,  and  inelastically 
scattered  electrons  were  detected  by  an  electrostatic 
analyzer  and  lens  system,  which  could  be  rotated 
relative  to  the  incident  beam  direction.1  Energy  loss 
spectra  were  obtained  at  1°  intervals  for  a  range  of 
forward  scattering  angles,  corresponding  to  excitation 
of  the  unresolved  3s  S,/2  ■*  3p  P,/2  3/2  fine  structure 
transitions  in  Mgll  at  A.A2  eV  (J  =  1/2)  and  A.A3  eV  (j 
=  3/2).  The  overall  resolution  in  the  energy  loss 
spectra  was  0.55  eV  (FWHM).  Relative  differential  cross 
sections  were  determined  by  calculating  the  area  under 
the  peaks  in  the  energy  loss  spectra. 

Theoretically,  Msezane  and  Henryk  previously 
calculated  cross  sections  for  the  As  -  Ap  excitation  in 
Znll  in  a  five-state  close-coupling  approximation  in 
which  the  As,  Ap,  3d^As2,  53,  and  Ad  states  were 
retained.  Very  good  agreement  with  measurements  of  the 

]l 

absolute  emission  cross  sections  was  obtained  at 
electron  energies  E  in  the  energy  range  15  f  E  _  100  eV, 
when  cascade  contributions  were  Included;  and  with  the 
differential  energy-loss  measurements^  at  75  eV.  We  use 
reactance  matrices  obtained  by  Msezane  and  Henryk  to 
calculate  differential  cross  sections  in  Mgll  at  35  and 
50  eV  in  which  3s,  3p,  3d,  As  and  Ap  states  are 
Included, 

Results  at  an  electron  energy  of  35  eV  are 


presented  in  Figs.  1(a)  and  (b).  To  compare  the  shape 
of  the  measured  differential  cross  sections  to  theory, 
the  experimental  values  are  normalized  to  the 
theoretical  values  at  •  =  12°.  Good  agreement  in  shape 
Is  observed  between  experiment  and  theory,  although 
experimental  results  show  a  slight  shoulder  feature  not 
present  in  the  calculations.  The  optically  forbidden 
Mgll  3s  2S  -*  As  2S,  3d2D  transitions  have  also  been 
detected  experimentally  for  the  first  time  anywhere/ 
and  results  on  these  features  will  also  be  presented. 

The  experimental  work  was  carried  out  at  J  PL- 
Caltech,  under  contract  with  NASA;  RJWH  and  AZM  were 
supported  by  the  DOE  Office  of  Basic  Energy  Sciences. 
One  of  us  (IDW)  thanks  the  NRC  for  their  support. 
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INNERSHELL  EXCITATION  OF  Ti3+  BY  ELECTRON  IMPACT:  EFFECTS  OF  TARGET 
WAVE  FUNCTIONS  AND  COUPLING 
A,  Z.  Msezane*  and  Ronald  J.  W.  Henry* 

‘Department  of  Physics,  Atlanta  University,  Atlanta,  Georgia  30314  USA 
♦Department  of  Physics,  Louisiana  University,  Baton  Rouge,  Louisiana  70803  USA 


The  dominance  of  excitation-autoionization  to 
electron  impact  Ionization  cross  sections  in  Ti^+ 
has  been  demonstrated  experimentally  * *2  and  calculat¬ 
ed  using  a  Distorted-Wave^approximat Ion  and  a  10- 
state  R-matrix'4  expansion.  The  disturbing  discrep¬ 
ancy  between  the  earlier  Distorted-Wave  calculation 
and  measurement  has  been  attributed  mainly  to  the 
scattering  approximation  rather  than  the  poor  tar¬ 
get  wave  functions  employed^. 

The  number  of  states  included  in  the  close-coup¬ 
ling  expansion  and  the  description  of  the  atomic 
states  are  the  two  major  limiting  factors  on  the 
accuracy  achieved  by  a  close-coupling  approximation. 
We  report  here  our  investigation  in  Ti"*+  for  elec¬ 
tron  impact  energies  greater  than  the  3p^3d2  2q0 
threshold:  a)  Wave  function  effects  on  innershell 
excitation  cross  sections  from  ground  3p^3d  2d  to 
3p^3d2  2P°,  2D0,  2f0  using  the  Hartree-Fock  (HF) 

wave  functions  employed  by  Griffin  et  al^  and  our 
constructed  configuration  Interaction  (Cl)  wave  func¬ 
tions  in  a  two-state  close-coupling  approximation; 
b)  Coupling  among  the  dominant  autoioniz ing  states  by 
including  the  four  target  states  2d,  2p0f  2q0  an£j  2f0 
in  a  four-scate  close-coupling  approximation. 

A  ten  term  expansion  is  used  for  the  ground  2D 
state.  The  2P°  and  2F°  states  are  each  represented 
by  7  term  expansions,  while  a  6  term  expansion 
represents  the  2D^  state. 

For  tractable  calculations,  we  retain  only 
terms  with  coefficients  of  magnitude  <0.0l  in  the 
expansions.  Hartree-Fock  orbitals  of  Clement!  and 

Roetti*  are  used  as  starting  point  for  Is,  2s, - , 

3d  orbitals.  Program  C1V3?  is  used  to  modify  some 
orbitals  and  to  generate  excited  4s,  4p,  4f ,  and  5s 
orbitals.  The  calculated  dipole  length,  fL  and  di¬ 
pole  velocity,  f y  oscillator  strengths  and  the  en¬ 
ergy  splittings,  l.E  for  the  2o-2pO  transition  are 
given  below  as  an  example  and  compared  with  those 
of  Hibbert  et  al®. 

Present  Hibbert  et  al^ 

•  E(a.u. )  fL  fv  L  E( a.u . )  fL  fv 

1.8592  0.754  0.756  1.847  0.721  0.731 

The  Cl  wave  functions  were  constructed  using 
the  same  ionic  core  to  facilitate  estimation  of 
importance  of  the  REDA^  mechanism.  Various  com¬ 


binations  of  orbitals  were  tested  and  they  led  es¬ 
sentially  to  the  same  AE,  fL  and  fy  obtained 
above. 

Notable  features  of  our  calculation  are: 

(i)  The  cross  sections  a(2p0),  a(2D^)  and 

r(2pO)  obtained  obtained  using  the  HF  wave  func¬ 
tion  exceed  those  from  the  Cl  wave  functions  by 
less  than  10Z,  12%  and  15Z  respectively  (ii)  The 
difference  ino(2P^),  o (2D®)  and  c  (2F®)  cal¬ 
culated  in  (a)  using  the  Cl  wave  functions  and  in 
(b)  is  insignificant. 

We  conclude  that  for  excitation-auto  ioniza¬ 
tion  calculations  in  Ti^+  for  impact  energies 
above  the  2d0  threshold:  (i)  coupling  among  the 
dominant  states  is  unimportant  i.e.  the  two-state 
close-coupling  approximation  is  adequate,  (ii)  the 
use  of  the  HF  wave  functions  yields  reasonable  re¬ 
sults  provided  that  the  appropriate  scattering  ap¬ 
proximation  is  employed.  Below  the  2d0  threshold 
resonances  appear  to  be  important4  and  contribu¬ 
tion  of  the  REDA  mechanism  may  be  estimated  as 
described  in  reference  9. 

Our  cross  sections  will  be  compared  with 
those  from  measurements  and  other  calculations. 
*Supported  in  part  by  The  U.  S.  Depar  ment  of 
Energy,  Office  of  Basic  Energy  ScL  ices 
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DISTORTED-WAVE-METHOD  CALCULATION  OF  ELECTRON- IMPACT  EXCITATION  OF  ATOMIC  IONS 
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Electron-impact  excitations  of  atomic  ions  are 
fundamental  processes  in  high  temperature  plasmas  in 
laboratory  and  astrophysical  systems.  The  difficulty  of 
the  measurement  of  the  excitation  cross  sections  makes 
it  necessary  to  develop  a  theoretical  method  reliably 
applicable  to  various  collision  systems.  Mere  an  approach 
is  proposed,  in  which  i)  the  target  ion  is  represented 
by  as  accurate  a  wave  function  as  possible  and  iii  a 
distorted-wave  (DU")  method  is  employed  to  treat  collision 
dynamics.  As  a  test  of  the  approach,  cross  sections  arc 
calculated  for  ions  of  He-,  Be-and  C-like  isoelectronic 

sequences  and  compared  with  other  theoretical  results. 

Dk 

Introducing  a  distortion  potential,  U  ,  and  regard- 

l)k 

ing  the  difference  between  the  true  interaction  and  U 

as  a  perturbation,  we  adopt  the  standard  theory  of  first- 

DW 

order  perturbation.  We  assume  U  to  be  a  spherical 
average  of  the  electrostat ic  potential  formed  by  the 
target  ion  in  its  initial  state.  The  same  potential  is 
used  for  the  calculation  of  DW  of  both  the  initial  and 
the  final  states.  Furthermore,  an  electron  exchange  is 
taken  into  account  only  between  the  interacting  electrons. 
Thus  we  have  the  direct  and  exchange  parts  of  the  trans¬ 
ition  matrix  elements  in  the  form 

r(J1  (  »-i).  N-  >.(1..N)f‘‘’(N.1)  r"'NM  :i(I..N)Klt‘)(N.ll  • 

T(ex)(W)«  -N<:jri...N-l,N»l)F(/1(N)  r*1  f^l-.N) 

F(  +  ) (N*l)  • 


Assuming  the  L-S  scheme  of  the  angular  momentum  coupling 
and  taking  account  of  configuration  mixing  in  the  target 
function,  we  can  use  the  procedure  of  Smith  and  Morgan* 
to  evaluate  the  angular-momentum  part  of  T(i 

As  an  example  of  the  results,  Figs.  I  and  2  show 
the  collision  strength  for  the  transition  1*S  -♦  2*S  for 
Li  II  and  0  VII,  respectively.  The  electron  energy  is 
expressed  in  the  threshold  units.  The  present  result  is 

compared  with  the  close-coupling  (CC)  calculation  by 

■> 

van  Wyngaarden  et  al.“  Also  shown  are  the  results  of 
the  Coulomb-wave  approximation  (with  (CBXA)  and  without 
(CB)  electron  exchange),  where  the  DW  is  replaced  by  the 
corresponding  Coulomb  wave.  The  same  Cl  target  wave 
function  has  been  used  in  all  the  calculations.  We 
conclude  that  the  present  approach,  though  being  very 
simple,  gives  good  results  unless  the  energy  of  the 
incident  or  scattered  electron  is  very  low.  For  a 
higher  nuclear  charge,  the  present  DW  method  is  very 
good  even  near  the  threshold.  More  details  will  appear? 
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Here  t  is  the  target  wave  function,  F  is  the  distorted 
wave,  and  N  is  the  number  of  the  target  electrons. 
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EXCITATION  OF  DOUBLY  EXCITED  AUTOIONIZATION  STATES  IN  IONS 
Rajesh  Srivastava  and  A.Ii.Katiyar 
Physics  Department,  University  of  Roi  rkee,  Rcorkee,  INDIA 


The  ionization  of  atoms  and  positive  ions 
by  electron  impact  is  one  of  the  most  important 
atomic  collision  processes  relevant  to  contro¬ 
lled  thermo  nuclear  fusion  research1.  Theore¬ 
tical  models  which  allow  the  calculation  of 
the  contributions  to  the  electron  impact 
ionization  cross-sections  arising  from  both 
direct  and  indirect  contributions  such  as 
excitation  -  autoionization  are  currently  being 
developed.  In  fact,  the  mechanism  where 
excitation  of  an  ion  to  an  electronic  state 
of  energy  higher  than  the  ionization  potential 
followed  by  autoionizat ion  allows  a  few 
specific  excitation  transitions  to  contribute 
significantly  to  the  total  ionization  cross- 
section.  Our  interest , therefore ,  is  at  present, 
mainly  confined  to  the  most  important  issue  of 
excitation  -  autoionization  contribution. 


excitations  would  be  presented  and  discussed 

along  with  theory  in  the  conference.  Except 
4 

our  earlier  calculation  in  Coulomb  Born 

Oppenheimer  approximation  (CBO)  for  only 
2  3 

(2p)  P  excitation,  unfortunately,  no  other 
theoretical  and  experimental  results  are 
available  for  comparison.  However,  looking 
the  success  of  our  present  Dlv’BA  model  as 
applied  to  single1  and  double^  excitations  in 
helium,  we  hope  our  results  for  Li  to  be 
quite  reliable. 
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Doubly  excited  states  with  two  electrons 
are  the  most  fundamental  atomic  species  which 
aut  i lionize .  Such  doubly  st  ates  are  not  only  in 
neutral  species  (like  helium  and  alkaline 
ear  iris  etc.)  but  also  recently  being  analysed 
m  ions  also2.  A  first  step  towards  the  study 
of  excitation  -  autoionization  contribu¬ 
tion  due  to  these  doubly  excited  states 
therefore,  would  be  to  find  first, the  cross- 
sections  for  their  production  by  electron.  In 
view,  we  shall  present  in  this  conference  for 
th“  first  time  our  extensive  study  in  obtaining 
electron  impact  excitation  cross-sections  for 
doubly  excited  states  in  heliumlike  ions.  We 
have  calculated  the  cross-sections  for  the 
excitation  of  (2p)2  3P,  2p3p  '"P,  2p3d  1D  and 
2p3d  states  from  the  ground  state  (Is)2  S 
of  Li  ion.  The  calculations  are  performed  in 
an  improved  distorted  wave  Born  approximation 
(DW'BA)  1  where  distortion  effects  due  to  static. 
Coulomb,  exchange  and  polarization  effects  are 
taken  in  both  the  initial  and  final  channels. 

As  a  sample,  we  present  in  the  Table  I 
our  present  results  for  (2p)2  2P  excitation 
only,  while  rest  of  the  results  for  other 


T,\BLl:  I  Total  cross-sections  for  (2p)2  3P 
excitation  in  Lp  ion 


Impact  electron 
energy  (eV) 

Present  DWBA 
(T  ( a  .  u . ) 

CBO  approxima¬ 
tion  (Ref. 4) 
ff  (a . u . ) 

148.25 

0 . 5293E-04 

0 . 5402E-04 

149.00 

0 .5320E-04 

0.547  6E-04 

150.00 

0 . 5336E-04 

0 . 5556E-04 

152.00 

0. 5318E-04 

0.5654E-04 

155.00 

0.5120E-04 

0 . 5680E-04 

165.00 

0.4354E-04 

0 . 5160E-04 

170.00 

0. 3864E-04 

0.4744E-04 

175.00 

0.3386E-04 

0 . 4303E-04 

200.00 

0.1613E-04 

0.2400E-04 

250.00 

0. 3421E-05 

0 . 6823E-05 

300.00 

0.2045E-06 

0 . 2086E-05 

400.00 

0.5878E-07 

0.2629E-06 

500.00 

0 . 1840E-07 

~ 
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COLLISION  STRENGTHS  FOR  CII 


K.A.  Jerjian 

*Dept  of  Physics  &  Astronomy,  University 
'•'Dept  of  Physics  &  Astronomy,  Louisiana 

A  close  coupling  calculation  and  the  multichannel 
quantum-defect  theory'  for  determining  the  positions 
and  the  widths  of  resonances  have  been  applied  to  cal¬ 
culate  the  collision  strengths  of  the  electron  impact 
excitation  of  singly  ionized  carbon.  Five  states 
(2pO,  4p^  2^  ^s,  2pj  ^ave  been  ^  the  expansion 

of  the  scattering  wave  function.  The  effect  of  the 

2  2 

resonances  that  converge  to  the  S  and  P  thresholds  on 
the  2P°  -  ?0  transition  is  evaluated. 

Since  it  is  essential  for  collision  strength  cal¬ 
culations  to  have  a  good  representation  for  the  various 
states  of  the  target  ions,  we  rirst  carry  out  a  some¬ 
what  extensive  configuration  interaction  calculation 

for  the  CII  ions  using  the  computer  program  CIV3  of 
2 

Hibbert  to  extract  an  optimum  and  yet  manageable  set 
of  configuration  interaction  wave  functions.  The  re¬ 
sults  for  the  oscillator  strengths  of  the  dominant  con- 

2 

figurations  of  the  various  excited  states  -  2s2p  - 
relative  to  the  dominant  configuration  of  the  ground 

state  -  2s^2p  -  and  the  energy  differences  are  shown  in 
Table  1. 

The  close  coupling  calculations  were  performed 
using  the  non-iterative  integral  equation  code  of  Henry 
et  al.3,  at  four  energies,  all  of  them  above  the  highest 
target  state  considered.  The  different  reactance 
matrices  were  then  extrapolated  below  some  of  the 
thresholds  with  the  use  of  the  computer  program  RANAl4 
to  obtain  the  resonance  enhanced  collision  strengths 
and  the  resonance  parameters.  As  an  example,  the  de¬ 
tailed  collision  strength  and  the  resonances  in  the 
2P°  -  20  transition  for  3P°  symmetry  are  shown  in  Fig. 

1 . 

2 

Table  1.  Oscillator  strengths  for  the  various  2s2p 
excited  states  of  CII  relative  to  the  2s^2p  2P°  ground 


and  R.J.W.  Henry+ 


of  Nebraska  at  Lincoln,  Lincoln,  NE  68588  USA 
State  University,  Baton  Rouge,  LA  70803  USA 


E  (Ry ) 


FIGURE  1.  Collision  strength  vs  energy  showing  the 
presence  of  resonances  in  the  ‘P°  -  2D  transition  in 
CII.  dpo  symmetry,  above  the  ‘S  threshold. 
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ELECTION  IMPACT  CJIL 1  SION  STRENGTHS  FOR  THE  FINE  STRUCTURE  TRANSITIONS  IN  FE  XII 
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Fe  XII  foroidden  lines  due  to  fine  structure 

J  7 

transitions  witnm  tne  ground  3s-3p  configuration 
a-e  ooserved  n  the  emission  ultraviolet  spectrum  of 
me  Sun  ootained  oy  tne  Naval  Research  Laboratory 
slit  spectrograph  on  skylao3.  Certain  line  ratios 
of  the  Fe  XII  ion  nay  Se  usefully  employed  for 
determining  the  physical  conditions  in  solar 
corona2,3.  In  order  to  calculate  these  line  ratios 
accurately  a  detailed  Knowledge  of  tne  atomic  data, 
especially  tne  oscillator  strengths  and  electron 
excitation  rate  coefficients  for  transitions  among 
ground  3s23p3  configuration  and  many  more  low  lying 
excited  levels,  is  needed. 

we  nave  calculated  tne  configuration- 
interaction  IC  I)  wavefunctions  for  tne  seven  lowest 
target  states:  3s23p3  4S°,  20°,  2P°,  3s3p4  4p,  20, 
2P  and  2S.  Tne  C  I  wavefunctions  are  constructed 
from  Is,  2s,  2p,  3s,  3p ,  3d  and  4f  ortnonormal  oasis 
oroitals.  The  Is,  2s,  2p,  3s  and  3p  oroitals  are 
tnose  of  tne  ground  state  3s23p3  4S°  given  By 
ClenenCi  and  Roetti4  and  3d  and  4f  are  ootained  with 
CIV33  minimizing  the  energies  of  3s2  3p3  4s°  and  20° 
states  respectively.  The  relativistic  effects  are 
incorporated  Dy  means  of  Breit-Pauli  Hamiltonian 
which  includes  the  spin-oroit,  spin-otner-oroit, 
spin-spin,  one-Dody  mass  correction  and  one-body 
Darwin  terms.0  The  wavefunctions  are  used  to 
calculate  oscillator  strengths  for  transitions  among 
tne  fine  structure  levels.  Gc i  agreement  with  the 
experimental  energy  splittings  and  between  length 
and  velocity  formulations  for  the  oscillator 
strengtns  is  obtained. 


we  nave  included  these  seven  target  states  in 
our  close-coupling  scattering  calculations.''  The 
collision  strength  calculations  including  the 
effects  of  intermediate  coupling  and  autoionization 
is  in  progress  and  should  be  available  by  the  time 
of  the  conference.  These  will  be  compared  with  the 
other  available  theoretical  calculations. 
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COLLISION  STRENGTHS  FOR  FINE  STRUCTURE  TRANSITIONS 
IN  Ne  II  AND  Mg  IV 


A  E  Kingston  and  C  T  Johnson 

Department  of  Applied  Mathematics  and  Theoretical  Physics 
The  Queen's  University  of  Belfast 
Belfast  BT7  INN 
Northern  T re  land 


2  5  2  0  2  0 

The  2s  2P  Pj  -  P^0  transition  in  the  ground 

state  of  Nell  is  observed  from  HII  regions  and  planetary 
nebulae.  The  neon  abundance  in  these  objects  can  be 
estimated  from  the  line  flux  if  the  collision  strength 

and  transition  probability  are  known.  The  corresponding 

) 

transition  in  MglV  has  been  detected  recently  .  We  are 
calculating  these  collision  strengths  using  the  R-matrix 
method. 

We  represented  the  two  target  states  _2s^2P  P° 

and  ?s2p6  ^S6]  by  configuration  interaction  wave 

2 

functions  using  the  CIV3  program  of  Hibbert".  The 

expansion  included  the  principal  2s~3l  and  2p- ?L (L=s ,p ,o) 

2 

singly  excited  configurations,  plus  2s2p  -  3s3p,  2d“  - 
_ I _ 2 

3p",  3d  double  electron  excitations.  We  retained  the 

2p“  -  TT“  configurations  when  optimising  the  3s , 3p  and 

3d  correlation  orbitals,  as  this  gave  significant 

improvements  in  the  energy  and  fine  structure  splitting 

of  the  ground  state.  To  obtain  an  accurate  value  for 

the  2p°  -  2se  oscillator  strength  we  optimized  an 
_  a  e 

additional  4d  orbital  on  the  “S  state.  In  Table  1  we 
compare  the  oscillator  strengths  derived  rrom  our 
scattering  target  wave  functions  (a)  with  those  f ron 
more  sophisticated  calculations  (b)  including  further 

orbitals,  with  the  previous  theoretical  calculations  of 
3 

Westhaus  and  Sinanoglu  ,  and  with  experiment. 

Examination  of  the  convergence  of  the  configuration 
expansion  suggests  that  the  experimental  values  for  Nell 
may  be  too  low. 


agreement  with  those  derived  from  the  measurements  of 

Esteva  and  Meh lmnn ‘ ,  using  a  more  recent  value  for  the 
.  8 

series  limit  . 


TABLE 

Theory 

Exper iment 

Resonance 

Ref  9 

Present 

Refs  7,8 

2s2n*3p 

0.  549 

0.567 

0.371 

2s2p^4p 

0.5  30 

0.  5-8 

0.553 

2s2?Sp 

0.521 

0. 528 

0.363 

2s2p% 

0.517 

0.319 

0.304 

2  a  ■>  o 

Collision  strengths  for  the  P ,  -  p ^  ,  >  transition 
are  calculated  using  the  JAJOM  program,  of  Saraph^  . 
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TABLE  1 

Theory 


Ref  3 

Present  (a) 

Present  (b) 

Nell: 

Length 
Veloci  tv 

0.073 

0.091 

0.090 

0.090 

0.095 

0.098 

MglV: 

Length 

Velocity 

0.081 

0.089 

0.083 

0.087 

0.089 

F  xperir.etit 


8  W  C  Martin  and  R  Zalubas,  .!  Phys  'hem  Ref  Data  9, 
200  980)  . 

9  D  Petrini  and  E  Kaslaho,  J  Phvs  Bib,  491(19^3). 

10  HE  Saraph,  Comput  Phvs  Commin  !>,  2*7(1978). 


Ref  4  Ref  5  Ref  6 

Nell:  0.076+0.008  0.077+0.003  0.071+0.014 


MglV:  Not  Available 

6  2  e 

Resonances  converging  on  the  2 s  2p  S  state  have 
been  observed  experimentally  for  both  Nell  and  MglV.  We 
show  preliminary  values  for  quantum  defects  in  the 
MglV  2S2p^np  *P°  series  in  Table  2  They  are  in  good 


ELECTRON  IMPACT  EXCITATION-AUTOIONIZATION  OF  LITHIUM-LIKE  IONS 


Def ranee  P,  Rachafi  S.  and  Chantrenne  S. 


Universite  Catholique  de  Louvain,  Institut  de  Physique,  Chemin  du  cyclotron,  2 
B1348  Louvain-la-Neuve  -  BELGIUM 


The  electron  impact  excitation-autoionization  of  the 

doubly  excited  (Is,  21,  21')  states  plays  an  important 

role  for  Lithium-like  ions.  For  this  process  the  theory 

(1-2)  assumes  that  the  radiative  decay  of  "autoionizing" 

states  is  negligible  for  2  <  10.  On  the  other  hand, 

lifetime  calculations  and  plasma  obcervations  has  well 

established  that  importance  for  high  Z. 

We  have  estimated  the  total  excitation-autoionization 

cross-section  a(E)  in  a  way  which  includes  the  probability 

of  auto-ionization  and  radiative  decav.A.  and  A.  respec- 

la  lr  r 

cively  :  Au 

*  -•  o,<W  jr-TT-  ■ 

.  1  Aia  ♦  Alr 

E  is  the  electron  energy  and  a^(E)  is  the  electron 
impact  excitation  cross-section  from  the  ground  state  to 
the  particular  state  i  belonging  to  one  of  the  configu- 
rations(ls,  2i,  2*.'). 

The  branching  ratio  R  is  defined  as  : 


In  the  case  of  Lithium-like  ions,  we  used  data  of  Coett 
ar.d  Sampson  (2)  for  cy^(E)  obtained  in  a  scaled  Coulomb- 
Born  approximation. 

Values  of  A^a  and  A^r  are  available  in  two  approximations. 

In  the  first  one  (3)  Coulomb  wave  functions  are  used  in  a 

Z-expansion  method.  In  the  second  one  (4)  relativistic 

effects  are  included  and  Dirac-Hartree-S later  functions 

are  used.  For  each  ion,  we  have  calculated  '(E)  at  its 

maximum  z  (Fig.  I).  The  three  curves  are  :  :  for 

m 


R=l  for  all  i  and  Z,  -  a 

f3)  and  (4)  respectively. 


and  —  for  the  data  of  references 


5  10  r-  20  20 


-4  -5  -4  3 

It  is  seen  that  :  decreases  as  Z  ,  Z  and  Z  '  in 
m 

the  three  cases  respectively. 

The  total  branching  ratio  R  (Fig.  2)  is  constant  in  the 

-  I  - 1  /  •> 

first  case,  and  decreases  as  Z  and  Z  "in  the  two 
approximations  respectively.  This  means  that  relativistic 
effects  affects  strongly  the  Z  dependance  of  R. 

This  also  indicates  that  the  radiative  decay  of  doubly 
excited  Lithium-like  ions  is  significantly  competitive 
with  autoionization  for  Z  •  7. 
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ELECTRON  IMPACT  IONISATION  OF  Ne  . 


S.  Chantrenne,  P.  Defrance,  S.  Rachafi,  D.  Belie*  and  F.  Brouillard 


Universite  Catholique  de  Louvain,  Institut  de  Physique,  Chemin  du  cyclotron,  2 
B  1 348  Louvain-ia-Neuve ,  Belgium 

*  Institute  of  Physics,  Beograd,  Yugoslavia. 


A  measurement  of  the  total  ionisation  cross  section 


for  the  process  : 


Ne^+  +  2e 


has  been  performed,  using  the  ECR  source  of  the  University 
of  Louvain  in  conjunction  with  the  "animated  crossed  beam" 
method  (ref.  I). 

The  beam,  extracted  by  a  voltage  of  a  few  kilovolt, 
is  charge  analysed  by  a  wien  filter  and  crossed  at  90° 
with  an  electron  beam.  A  magnet  subsequently  separates 
the  primary  ions  from  ions  in  a  higher  charge  state. 

The  intensities  of  the  ion  beam  and  of  the  electron  beam 
are  collected  in  Faraday  cups  while  the  ionisation 
products  are  detected  by  means  of  channelplates . 

First,  results  have  been  obtained  for  the  single  ioni¬ 
sation  of  lithium-like  ions  and  0^*  (ref.  2).  In 
the  same  isoelec tronic  sequence,  results  have  been  obtai¬ 
ned  for  Ne7+  for  which  experimental  data  are  not  availa¬ 
ble.  The  figure  shows  that  our  results  follow  rather 
exactly  the  prediction  of  lakubowicz  who  uses  the  Coulomb- 
Born  approximation  without  exchange  (ref.  3).  The  exci- 
tation-autoionisation  structure  is  clearly  resolved  and 
the  threshold  is  seen  to  be  very  close  to  the  theoretical 
value  (908.01  eV) . 
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IONIZATION  OF  Ti+,  Ti2+AND  Ar2  +  BY  ELECTRON  IMPACT* 

M  3  Diserens+,  M  F  A  Harrison**,  and  A  C  H  Smith* 

+  Department  of  Physics  and  Astronomy,  University  College  London.  London  WC1E  6BT .  U.K. 
++  Culham  Laboratory,  Abingdon,  Oxon,  0X14  3DB,  U.K.  (Euratom/UKAEA  Fusion  Associations 


Within  our  programme  of  measurements  of  electron 
impact  ionization  cross  sections  relevant  to  fusion 
research,  we  have  measured  absolutely  the  cross  sections 
for  single  ionization  of  Ti*,  Ti2+,  and  Ar2*  in  the 
energy  range  from  threshold  to  2000,  2200  and  1250eV 
respectively . 

For  these  measurements  the  fast  crossed  beams 
technique  described  by  Montague  and  Harrison1  and  by 
Montague  et  al2  was  used.  The  target  ion  energies  were 
between  2  and  6keV.  The  ions  were  generated  in  a 
sputter  ion  source  and  consequently  the  cross  sections 
presented  represent  ionization  from  an  unknown  distri¬ 
bution  ground  and  metastable  excited  states.  Neverthe¬ 
less  the  measured  cross  sections  are  of  practical 
relevance  because  impurity  ions  in  a  fusion  plasma  are 
formed  in  a  similar  manner  to  those  extracted  from  our 
sputter  source. 

In  figure  1  the  cross  section  for  Ti*  Ti2+  is 
compared  with  the  cross  sections  calculated  by  means 
of  the  semi -empirical  Lotz  formula3tL)  and  the  scaled- 
Born  approximation  of  McGuire" .  Ihe  fair  agreement 
of  the  L<5tz  cross  section  is  fortuitous  since  excitation- 
autoionization  is  not  correctly  included  in  the  formula 
and  clearly  forms  a  large  contribution  in  this  case. 

The  observed  autoionization  threshold  at  31eV  suqnests 
that  the  excitat ion-autoionization  process  is 
Ti*  l3p63d24s'  -  Ti+  (3p^3d24s  nl,  .Ti2*  (3p63d2)  *e 
where  nl  =  3d, 4s  or  4p. 

In  figure  2  our  measured  cross  section  for  Ti2  ♦ 
Ti3*  is  compared  with  the  measurements  of  Mueller  et  al5. 
The  small  discrepancy  in  magnitude  and  the  small 
additional  peak  below  the  main  threshold  in  the  latter 
case  are  probably  symptoms  of  different  metastable 
state  populations  in  target  beams.  The  semi -empirical 
formula  of  Burgess  and  Chidichimo6,  which  deludes  the 
contribution  of  excitation-autoionization .  rather 
over-estimates  the  magnitude,  while  the  Lotz  formula 
is  in  poor  agreement. 

Our  measured  cross  section  for  Ar2*  -*■  Ar3*  is  'vVV- 
larger  than  that  of  Muller  et  al7  and  smaller 
than  that  of  Mueller  et  a Is  over  most  of  the  energy 


One  of  us  (M3D)  was  in  receipt  of  a  SERC-CASE 
Postgraduate  Studentship  when  this  research  was  performed. 
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SINGLE  AND  MULTIPLE  IONIZATION  OF  MULTIPLY  CHARGED  IONS  BY  ELECTRON  IMPACT 
A. Muller,  K.Tinschert,  Ch.  Achenbach,  E.Salzborn 
R. Becker*,  and  M . S . Pi ndzol a+ 

Institut  fur  Kernphysik,  Universitat  Giessen,  D-6300  Giessen,  West  Germany 


*Institut  fur  Angewandte  Physik,  Universitat 
^Atomic  Theory  Group,  Physics  Division,  Oak  Ri 

Employing  an  improved  crossed-beams  technique  based 
on  the  ‘animated-beams  method'  first  described  by  De- 
france  et  al . 1  cross  sections  for  electron  impact  ioni¬ 
zation  of  multiply  charged  ions  for  electron  energies 
from  threshold  to  1000  eV  have  been  measured.  This  alter¬ 
native  technique  does  not  require  a  separate  measurement 
of  theso-called  form  factor  and  since  both  beams  are 
always  'on'  background  pressure  modulation  effects  can¬ 
not  occur.  To  assure  the  reliability  of  the  applied  ex¬ 
perimental  technique  several  test  measurements  were  per- 
2 

formed  . 

Ionization  measurements  performed  include  cross  sec¬ 
tions  o„  „  o  for  electron  impact  double  ionization  of 
Arqt  (q  =  1,4)  ions'3.  In  both  cases  contributions  of 
L-shell  ionization-autoionization  could  be  identified. 
Calculations  based  on  semi  empirical  and  semiclassical 
theories  were  made  to  compare  the  relative  strengths  of 
direct  double  ionization  and  inner-shell  ionization  with 
subsequent  autoionization.  Obviously  direct  double 
ionization  decreases  rapidly  with  increasing  charge 
state,  while  the  contribution  of  L-shell  ionization- 
autoionization  nearly  remains  constant.  Thus  o4  6  for 
Ar4+  ions  is  almost  completely  dominated  by  the  indirect 
L-shell  contribution  above  350  eV. 

An  extraordinary  behavior  of  the  cross  section  ^ 
was  observed  for  Sbq+  and  Biq+  (q  =  1,2)  ions4.  At 
energies  greater  than  200  eV  the  cross  sections  for  Sb2+ 
(4d105s25p)  and  Bi2+(5d106s26p)  (Fig.  1),  o2  3,  are 

larger  than  the  corresponding  cross  sections,  o.  ,,  for 

1  +  1  +  **■ 

Sb  and  Bi  ions,  respectively.  This  behavior  is  a 

consequence  of  the  effect  that  the  4d(5d)  hole  configu¬ 
ration  goes  from  autoionizing  to  bound  when  the  charge 
state  of  the  Sb(Bi)  ions  is  increased  from  +1  to  +2. 

The  collision  strength  of  the  4d  (5d)  subshell  missing 
in  the  cross  section  2  for  single  ionization  can  be 
found  in  the  cross  section  o(  3  for  double  ionization 
which  as  a  result  attains  very  large  values. 

Furthermore, measurements  of  electron  impact  single 
and  multiple  ionization  of  Krq+  (q  =  1,2, 3, 4)  ions  have 
been  performed.  Some  general  trends  concerning  the  con¬ 
tributions  of  direct  and  indirect  ionization  processes 
could  be  extracted  . 


nkfurt,  D-600D  Frankfurt,  West  Germany 
,  Nat.  Lab.  Oak  Ridge,  Tenn.  37830,  U.S.A. 
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Fig.  1:  Electron  impact  single  and  double  ionization  cross 
sections  for  Bismuth  ions,  (a)  closed  circles,  experi¬ 
mental  0,  2;  °Pen  circles,  experimental  o2  3;  solid  curve, 
o1  2  calculated  from  the  Lotz  formula5  with  contributions 

from  6p  and  6s  subshells;  dashed  curve,  a,  ,  calculated 
5  ^ J 

from  the  Lotz  formula  with  contributions  from  6p,  6s  and 
5d  subshells.  (b)  closed  circles,  experimental  3;  open 
circles,  experimental  o2  triangles,  experimental  o3  3; 
dashed  curve,  direct  double  ionization  cross  section 
Oj  3  calculated  from  binary  encounter  theory6;  solid 
curve,  total  calculated  o1  3  including  the  indirect  5d 
ionization-autoionization  contribution. 
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ELECTRON  IMPACT  EXCITATION  OK  ar*23* 

A.  Z.  Msezane,*  J.  Lee,+  R.  J.  Vv.  Henry, and  K.  J.  Heed*” 

+Atlanta  University,  Atlanta,  G  A 
++Louisiana  State  University,  Baton  Rouge,  LA 
+++Lawrence  Livermore  National  Laboratory,  University  of  California,  Livermore,  CA 


Multi-state  close  coupling  calculations  have  been 
performed  to  obtain  electron  collision  cross  sections  for 
oxygen-like  krypton.  Configuration  interaction  type  wave 
functions  were  employed,  and  oscillator  strengths  and 
energy  levels  were  calculated  for  the  target  ion.  The  cross 
sections  were  computed  for  electron  impact  energies 
ranging  from  near  threshold  to  10  keV. 

Spectral  lines  due  to  oxygen-like  krypton  have  been 
observed  in  laboratory  plasmas1  and  may  be  useful  for 
purposes  of  plasma  diagnostics.  Accurate  electron  collision 
cross  sections  are  required  for  interpretation  of 
spectroscopic  data  obtain*. 1  from  the  plasmas.  Calculation 

of  electron  impact  excitation  cross  sections  for  some 

o 

transitions  in  O-like  Kr  have  been  reported.  We  have 

extended  the  earlier  work  to  include  more  of  the  transitions 
4  3  e 

from  the  ground  state  2p  (  P  )  to  levels  arising  from  the 

n  =  2  and  n  =  3  excited  states  of  the  ion.  We  have  also 

retained  the  2p4(1De)  and  2pVse)  states  together  with  the 
4  3  e 

2p  (  P  )  state  in  order  to  investigate  the  effect  of  coupling 
between  the  terms  of  the  ground  state  configuration. 

Hartree-Fock  orbitals  of  Clemeti  and  Roetti  were 
used  as  a  starting  point  for  the  Is,  2s,  and  2p  orbitals  of  the 

4 

target  ion.  The  Program  CIV3  was  used  to  generate  the 
excited  3s,  3p,  3d,  4s,  4p,  4d  and  3s  orbitals.  These  orbitals 
were  used  to  construct  configuration-interaction  type  wave 
functions  after  extensive  investigation  of  the  effects  of  C.I. 
upon  oscillator  strengths  and  energy  levels  of  the  target 
states.  The  program  N1EM3  was  used  to  solve  the  resulting 
integro-differential  equations. 

*This  work  was  performed  under  the  auspices  of  the 
U.  S.  Department  of  Energy  by  Lawrence  Livermore 
National  Laboratory  under  contract  No.  W-7405-Eng-48. 


FIGURE  1.  Excitation  cross  sections  for  O-like  Kr 
(2s22p4)  3PC  ■  V 
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MEASUREMENTS  OF  CROSS  SECTION  FOR  SINGLE  AND  DOUBLE  IONIZATION  FOR  Na*.  K+  AND  Ba* 


T.Hirayama,  K.Oda,  Y.Morikawa,  T.Ono,  Y.Ikezaki, 
Department  of  Physics,  Sophia  University, 

Cross  section  data  for  electron-ion  collision  pro¬ 
cesses  can  provide  important  informations  in  the  study  of 
high  temperature  plasmas  relevant  to  the  thermonuclear 
fusion  and  astrophysics .  We  have  measured  ionization 
cross  sections  for  Na*,  K*  and  Ba*  by  electron  impact 
using  the  crossed  beam  technique. 

The  experimental  apparatus,  techniques  and  condi¬ 
tions  used  for  these  measurements  are  the  same  as  de¬ 
scribed  by  Hirayana  et  al.*’^  except  for  Ba*  ion  source. 

A  compact  surface  ionization  type  ion  source  designed  by 
Sakai  et  al.8^  is  used  to  obtain  Ba*  ions. 

Results  for  single  ionization  cross  section  of  Na* 

and  K  are  shown  in  Fig.l  and  Fig. 2  with  the  experimental 
4)  5) 

results  of  Hooper  et  al .  and  Peart  et  al.  ,  and  semi- 
enpirical  lotz  formula6 Our  results  are  in  good  agree¬ 
ment  with  the  previous  data  within  the  experimental  un¬ 
certainties.  In  the  results  of  X*,  our  data  show  more 
rapid  rise  near  the  threshold  than  the  Lotz  calculation. 
There  exist  some  autoionizing  states  above  5.28  eV  ( 1- 
electron  excitation)  and  11.29  eV  (2-electron  excitation) 
above  the  ionization  potential  of  K*  ion7\  which  are 
designated  by  arrows  in  Fig. 2.  Therefore  this  feature  is 


Fig.!.  Single  iomzation  cross  section  of  Na  .  Open  circle 
-  present,  cross  -  Hooper  et  al.4),  triangle  -  Peart  et 
al.^),  full  curve  -  Lotz  calculation  (This  curve  is  multi¬ 
plied  ►o  reproduce  the  experimental  results.) 


Fig.'',  .'ingle  ; or. i zat ; on  cross  section  of  K  .  Simbols  are 

the  same  as  in  Fig.l.  Arrows  represent  the  autoionization 
thresholds.  (See  text) 


S.Kobayashi,  T . Takayanagi ,  K.Wakiya  and  H. Suzuki 
Kioicho  7-1,  Chiyoda-ku,  Tokyo  102  JAPAN 


believed  to  be  indirect  ionization  processes  due  to  exci- 
tation-autoioni zation . 

Results  for  double  ionization  cross  section  of  Na* 
and  K*  are  shown  in  Fig. 3  together  with  results  of  the 
other  alkali  ions8  In  the  results  of  X*,  there  is  an 

evidence  of  structure  around  impact  energy  350  eV.  L- 
shell  ionization  potential  of  neutral  potassium  atom  is 
about  310  eV  (2p  electron)  and  390  eV  (2s  electron )^\ 
Inner  shell  ionization  potential  of  K*  ion  is  not  so  far 
from  these  values,  therefore  this  structure  is  attributed 
to  the  contribution  from  the  L-shell  ionization-auto¬ 
ionization  (Auger  effect). 

Measurements  of  ionization  cross  section  of  Ba*  are 
now  in  progress. 
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Fig. 3.  Double  ionization  cross  section  of  alkali  ions. 
Li*  -  Peart  et  al.®\  Na*,K*  -  present,  Rb+  -  Hughes  et 
al.^),  Cs+  -  Hertling  et  al.*^) 
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DISTORTED-WAVE  CROSS  SECTIONS  FOR  ELECTRON-IMPACT 
IONIZATION  OP  THE  LITHIUM-LIKE  IONS 

R.I.Campeanu,  L.Nagy 

Department  of  Physics, University  of  Cluj -Napoca, Romania 


In  the  last  few  years  the  electron-impact 
ionization  of  atomic  ions  received  great 
attention, especially  in  connection  with  fusion 


plasma  studies.  Beam  measurements  and  elabo- 

2  1 

rate  calculations  ’  were  employed  recently 
by  Bell  et  al4  to  compile  recommended  cross 
sections  and  rates  for  light  ions. 

Prom  the  existing  theories  the  distorted 
wave  method  of  Younger-^  is  extremely  attractive, 
as  it  produces  quite  reliable  data  at  low 
computing  cost,  and  this  in  spite  of  an 
"unphysical"  inclusion  of  the  electron  ex¬ 
change^.  In  the  present  paper  we  investigate 
two  new  ways  of  including  the  exchange  in  the 
distorted-wave  approximation. 

We  obtain  the  exchange  scattering  amplitude 
g  by  employing  the  standard  definition 
g(Ee,Ef)  =  f(Ef,Ee)  (1) 

where  f  is  the  direct  scattering  amplitude 
and  Ee  and  Ef  are  the  energies  of  the  ejected 

and  scattered  electrons  respectively.  We  de¬ 
note  by  DWT  the  model  without  exchange ,  by 
DY/E1  the  model  with  the  exchange  amplitude 
given  by  (1)  and  by  DWE2  a  variant, also  based 
on  (1),  in  which  from  the  two  emerging  elec¬ 
trons  the  one  with  the  higher  energy  is  always 
computed  in  the  static  potential  of  the  target 
ion,  while  the  slower  electron  sees  the  resi¬ 
dual  ion.  Prom  this  point  of  view  DWE2  is 
similar  to  Younger's  DWE. 

Ion  I(Ry)  DWT  DWE1  DV/E2  Ref  3  Ref 2  Ref  4 

B  III  2.780  1.91  1.66  2.51  -  -  1.65 

C  IV  4.742  1.99  1.80  2.07  1.74  1.83  1.74 

N  V  7.182  2.04  1.86  2.02  1.82  -  1.86 

0  VI  10.156  2.10  1.93  1.97  1.84  -  1.98 

p 

Table  1.  Scaled  total  cross  sections  ul  Q 
(in  units  of  Wa^Ry^)  for  elec¬ 
tron-impact  ionization  of  lithium 
like  ions  at  u=2.25 


Table  1  contains  our  scaled  cross  sec¬ 
tions  at  the  relative  impact  energy  u=E^/I= 
2.25  (I  is  the  ionization  energy),  where  the 
effect  of  the  electron  exchange  is  maximum. 

For  N  IV  our  model  DWE1  is  in  perfect 
agreement  with  the  recommondation4  based  on 
the  accurate  measurements  of  Crandall  et  al\ 
In  the  case  of  0  VI  our  DWE  models  agree 
better  with  the  experiment-based  recommenda¬ 
tion4  than  any  other  theory, but  we  should 
also  note  the  large  error  bars  for  this  mea¬ 
surement  . 

For  C  IV  the  experiment  gives  too  low 
cross  sections4  and  our  model  DWE1  agrees 
best  with  the  sophisticated  calculation  of 

p 

Jakubowicz  and  Moores  . 

For  B  III  the  model  DWE1  is  again  in 
very  good  agreement  with  the  recommendation 
of  Bell  et  al4. 

On  the  other  hand.  Table  1  shows  clearly 
that  our  model  DWE2  gives  increasingly  bad 
results  as  one  goes  to  lower  values  of  Z. 

For  0  VI, where  the  nuclear  field  dominates 
the  distorsion  of  the  electron  waves, our  two 
DWE  models  yield  similar  results, but  for 
B  III  it  becomes  obvious  that  only  the  co¬ 
rrect  account  of  the  electronic  potentials 
can  give  accurate  results. 

The  present  data  indicate  that  for 
lithium-like  ionic  targets  our  model  DWE1 
produces  better  results  than  Younger's  DWE^ 
at  roughly  the  same  computing  cost . 
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THE  ATOMIC  DATABANK  AT  BELFAST  AND  DARES BURY 


K.M.  Aggarwal  and  K.A.  Berrington 


Department  of  Applied  Mathematics  and  Theoretical  Physics, 
The  Queen's  University  of  Belfast, 

Belfast  BT7  INN,  Northern  Ireland. 


A  database  to  collect,  store  and  display  numerical 
atomic  data  has  been  developed  at  the  Queen's  University 
of  Belfast  in  collaboration  with  the  Daresbury  Laboratory 
of  UK/SERC.  The  database  stores  data  for  collision 
processes  such  as  electron-atom/ ion  excitation, 
ionization,  photoionization  and  free-free  transitions. 

The  database  is  divided  in  two  parts.  The  first  part 
holds  basic  collision  data  such  as  reactance  matrices 
which  come  directly  from  large  computer  codes  such  as 
RMATRX  and  IMPACT .These  data  are  bulky  and  are  required 
in  machine  readable  form,  and  hence  are  not  appropriate 
for  publication  in  scientific  journals  but  it  is  still 
necessary  to  store  the  data  for  further  processing,  such 
as  computations  of  collision  cross  sections,  rate 
coefficients,  resonance  analysis,  angular  distribution 
etc.  The  second  part  of  the  database  stores  the  data  at 
a  more  processed  level.  This  is  mainly  for  collision 
cross  sections  and  rate  coefficients  and  comes  from  three 
sources:  (i)  from  processing  the  basic  data  stored  in  the 
first  part  of  the  database;  (ii)  from  the  literature;  and 
(iii)  from  recommendations  of  specialists  (both 
theoreticians  and  experimentalists).  Such  recommended 
data  often  involve  some  manouvering  of  primary  data  such 
as  taking  combinations  of  two  or  more  sets  of  data  in 

different  energy  regions  for  the  same  transition,  use  of 

l-*) 

scaling  laws  and  interpolation/extrapolation  etc.  Both 
parts  of  the  database  are  stored  on  demountable  disks  and 
tapes  and  in  two  locations,  i.e.  at  Belfast  and  Daresbury. 
Potential  users  are  invited  to  contact  the  authors  for 
further  information  on  access.  The  present  paper 
concerns  the  data  stored  in  the  second  part  of  the 
database . 

Excitation  rate  coefficients  as  a  function  of 
electron  temperature  are  currently  stored  for  over  100 
ions  in  the  databank.  A  complete  list  of  ions  for  which 
data  are  stored  is  given  in  Table  1.  These  data  are 
primarily  from  the  published  literature.  However,  for 
the  majority  of  the  ions  the  data  are  published  in  the 
form  of  collision  strengths  instead  of  the  rate 
coef f icients .  These  are  calculated  from  the  available 
data  for  as  many  as  5  different  sources  for  each  ion  and 
are  compared  with  one  another.  The  rate  coefficients 
are  collected  and  calculated  for  as  many  as  190 
transitions  for  an  ion  and  are  both  in  LS  and  inter¬ 
mediate  coupling  schemes.  The  comparisons  as  well  as 
the  recommended  values  in  both  the  numerical  and 
graphical  forms,  together  with  a  complete  list  of 
references  will  be  available  during  the  conference. 


Table  1  Contents  of  Belfast  and  Daresbury  Atomic 
Databank  on  March  1,  1985. 

Sequence  Ions  _ ^ ___ 

H  H  I,  He  II,  Li  III,  C  VI,  Ne  X,  Si  XIV, 

Ar  XVIII,  Fe  XXVI. 

He  He  I,  Li  II,  Be  III,  B  IV,  C  V,  0  VII, 

Ne  IX,  Mg  XI,  Si  XIII,  S  XV,  Ar  XVII,  Ca  XIX, 

Ti  XXI,  Cr  XXIII,  Fe  XXV,  Ni  XXVII,  Zn  XXIX, 

Se  XXXIII,  Kr  XXXV,  Mo  XLI,  Cd  XLVII,  Xe  LIII, 
Gd  LXIII ,  W  LXXIII . 

Li  Li  I,  Be  II,  C  IV,  X  V,  0  VI,  Ne  VIII,  Mg  X, 

Si  XII,  AR  XVI,  CA  XVIII,  Ti  XX,  Cr  XXII, 

Mn  XXIII,  Fe  XXIV,  Zn  XXVIII,  Kr  XXXIV,  Mo  XL, 
Xe  LII,  Cd  LXII,  V  LXXII. 

Be  C  III,  N  IV,  0  V,  Ne  VII,  Mg  IX,  Si  XI,  S  XIII, 

Ar  XV,  Ca  XVII,  Ti  XIX,  Cr  XXI,  Mn  XXII, 

Fe  XXIII,  Ni  XXV,  Zn  XXVII,  Kr  XXXIII, 

Mo  XXXIX,  Cd  XLV,  Xe  LI,  Gd  LXI ,  W  LXXI . 


B 

C  II,  N  III,  0  IV,  Ne  VI 

,  Si  X, 

,  S  XII, 

Mn  XXI, 

C 

Fe  XXII,  Mo  XXXVIII. 

C  I,  N  II,  0  III,  Ne  V, 

Mg  VII, 

,  Si  IX, 

S  XI, 

N 

Ca  XV,  Mn  XX,  Fe  XXI . 

N  I,  0  II,  Ne  IV,  Na  V, 

Mg  VI, 

Si  VIII 

,  Ca  XIV 

Mn  XIX,  Fe  XX. 

0  0  I.  Ne  III,  Na  IV,  Mg  V,  AZ  VI,  Si  VII, 

Ca  XIII,  Mn  XVIII,  Fe  XIX. 

F  Ne  II,  Na  III,  Mg  IV,  AZ  V,  Si  VI,  Mn  XVII, 

Fe  XVIII. 


Ne  Na  II,  Mg  III,  AZ  IV,  Fe  XVII. 


Na 

Na 

I,  Mg  II, 

Si  IV,  S  VI, 

Ar  VIII,  Ca  X,Ti 

Fe 

XVI,  Zn  XX 

Kr  XXVI,  Mo 

XXXII. 

Mg 

Mg 

I,  AZ  II, 

Si  III,  S  V, 

Fe  XV,  Mo  XXXI. 

AZ 

Si 

II,  S  IV, 

CZ  V,  Ar  VI, 

Fe  XIV. 

Si 

Si 

I,  S  III, 

C«.  IV,  Ar  V. 

P 

S 

II,  CZ  Ill, 

Ar  IV,  K  V. 

S  CZ  II,  Ar  III,  K  IV,  Ca  V,  Fe  XI. 

CZ  Ar  II,  K  III,  Ca  IV,  Fe  X 

Ar  Ar  I,  Fe  IX 

K  K  I,  Ca  II,  Fe  VIII. 

Ca  Fe  VII. 
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DIELECTRONIC  RECOMBINATION  MEASUREMENTS  OF  P4*,  S5+,  AND  Cl6* 
P.  F.  Dittner,  S.  Datz,  P.  D.  Miller,  and  P.  L.  Pepmiller 
Oak  Ridge  National  Laboratory,*  Oak  Ridge,  TN  37831  USA 


Dielectronic  recombination  (DR)  via  3s-3p  excitation 
in  the  Na-like  ions  P4*,  S5*,  and  Cl6*  has  been  measured. 
The  OR  process  investigated  for  these  ions  is 

Aq+(Ne,3s)  +  e  *  [A^q*^+  (Ne,3p;n ,i)  ]** 

*  [A^q"1'+(Ne,3s;n,i)*  +  hv, 

where  Ne  represents  the  neon  core  (Is2 ,2s2 ,2p6 ) ,  n  and  i 
are  the  quantum  numbers  of  the  captured  electron,  and  v 
is  the  frequency  of  the  emitted  radiation  due  to  the 
3p-3s  relaxation.  A  merged  beam  approach1  was  used  to 
take  advantage  of  our  ability  to  produce  high  charge 
state,  MeV/amu  ions,  and  a  high  current,  high  energy 
electron  beam.  The  merged  beam  apparatus  is  constructed 
such  that  in  the  interaction  region,  the  ion  beam 
(~0.5-mm  dia.)  is  coaxial  with  and  embedded  within  the 
electron  beam  (~3-mm  dia.)  for  a  distance  of  84  cm. 

We  observed  the  amount  of  electron  capture  attending 
the  passage  of  the  ions  through  the  electron  beam  as  a 
function  of  relative  energy  which  is  varied  by  changing 
the  ion  energy.  After  exiting  the  interaction  region, 
the  ion  beam  is  subjected  to  charge  state  analysis  using 
electrostatic  deflection  field  of  ~4  kV/cm.  The  Aq*  is 
deflected  into  a  Faraday  cup  and  ions  that  have  picked 
up  an  electron,  A^q_1^+,  are  deflected  onto  a  solid-state 
position-sensitive  detector,  allowing  them  to  be  counted. 

The  A^O*  ions  are  due  to  signal,  the  sought-after 
DR,  and  background  due  to  electron  pickup  from  the 
residual  gas  or  slit  edge  scattering.  To  measure  the 
pure  background  level  (~  5X  signal),  we  modulated  the 
electron  energy  such  that  the  relative  energy,  Er,  alter¬ 
nated  between  0  <  Er  =  E;  <  1.5Em  and  Er  =  E2  >  1.5Em, 
where  Em  is  the  3p-3s  transition  energy.  This  energy 
modulation  was  accomplished  by  applying  an  1 1 - Hz  square 
wave  voltage  to  an  8-mm  diameter  cylinder  which  surrounds 
the  electron  beam.  Since  no  DR  signal  is  expected  above 
Em,  one  can  subtract  the  A2^q_1^*  rate  (Er  =  E2)  from  the 
Aj(d-1)+  rate  the  same  ion  energy,  to 

extract  the  signal.  The  ratio,  Rs  -  Aj(q"U*  - 
A2(q-1)+)/Aq*  at  an  ion  velocity,  v., ,  is  related  to  the 
OR  cross  section,  a(vr)  by 

Rs  =  (oeL/vi)  ,  vro(vr)  f(vr)dvr  =  (ueL/v,)  <vr  :> 
where  oe  is  the  electron  density,  L  is  the  length  of  tne 
interaction  region,  vr  is  the  relative  velocity,  and 
f(vr)  is  the  relative  velocity  distribution  function. 

Although  we  cannot  determine  f(vr)  independently, 
we  constructed  an  f(vr)  such  that  a  fold  of  the  theoreti¬ 
cally  calculated  rate2  for  Cl6*  had  the  same  shape  (Out 


not  magnitude)  as  our  Cl6*  data.  This  f(vr)  was  used  to 
convolute  the  calculated  rate  for  P4*  and  S5*  and  was 
found  to  be  a  reasonable  fit  to  the  data  for  these  ions 
as  well  (see  Fig.  1).  Data  for  the  three  ions  indicate 
a  higher  cross  section  than  the  calculation  which  assumes 
no  field  in  the  interaction  region  (lower  curve  in  Fig. 
1),  but  a  lower  cross  section  than  the  calculation  which 
assumes  complete  Stark  mixing  of  the  n,i  states  (upper 
curve  in  Fig.  1). 

«*•  tsf •*. 
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FIGURE  1.  DR  rates  <vr~>  for  *?+  vs.  relative  energy. 
Our  results  (•)  compared  to  calculations  (Ref.  2);  no 
field-lower  curve,  complete  Stark.  mixing-upper  curve. 
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FINAL  RYDBERG  STATE  DISTRIBUTION  FROM  DIELECTRONIC  RECOMBINATION 

D.  Mueller,  A.  Muller,  C.  Timmer,  D.  S.  Belie,  B.  D.  DePaola,  N.  DjuriC,  and  G.  H.  Dunn* 

Joint  Institute  for  Laboratory  Astrophysics,  University  of  Colorado  and 
National  Bureau  of  Standards,  Boulder,  Colorado  80309  USA 


Serious  disagreements  between  theory  and  experi¬ 
ments  for  dielectronic  recombination  (DR)  have  been  re¬ 
ported.  It  has  been  recognized  for  some  time  that 
mixing  of  angular  momentum  states  by  such  mechanisms  as 
collisions,^  plasma  microf telds and  magnetic  fields7 
may  affect  DR,  More  recently,  in  an  effort  to  ration¬ 
alize  the  above-mentioned  experiment-theory  dilemma, 

the  effects  of  extrinsic  electric  fields  have  been 
8—  1 0 

treated.  It  has  been  found  that  angular  momentum 

mixing  by  the  external  fields  can  in  effect  add  many 
participating  resonances  to  the  collision,  thus  leading 
to  a  substantial  enhancement  of  the  cross  section. 

This  also  results  in  a  strong  dependence  of  cross  sec¬ 
tion  versus  n,  where  n  is  the  principle  quantum  number 
of  the  Rydberg  state  of  the  product  particle. 

To  more  fully  understand  the  DR  process,  we  have 
continued  experiments  on  Mg+(3s)  +  e  t  Mg(3p,n£)  ♦ 
Mg(3s,n£)  +  hv.  Measurements  have  now  been  made  and 
are  reported  here  of  cross  section  versus  for  two 
different  values  of  electric  field  in  the  collision  re¬ 
gion,  and  of  cross  section  versus  electron  energy  for 
the  small  n^  range  32  <  nf  £  35.  Here  is  defined 
operationally  in  terms  of  the  field  at  which  the 
state  field  ionizes  by  -  (3.2  x  10®/Ej)*^,  and  is 
close  to  —  but  not  identical  to  —  the  principal 
quantum  number  n. 

A  2  keV  mass  analyzed  beam  (~300  nA)  of  ^Mg+ 
traveling  in  the  z  direction  Intersects  a  magnetically 
confined  (0.02  or  0.0065  T,  x  direction)  beam  of  elec¬ 
trons  (2  mm  x  4  mm,  15  uA).  In  the  collision  region 
the  colliding  ions  see  an  effective  electric  field 

E  -  v*B  in  the  y  direction.  This  field  and  an 
c 

applied  field  a  few  centimeters  down  beam  serve  to 


*Staff  Member,  Quantum  Physics  Division,  National 
Bureau  of  Standards. 


separate  the  ion  and  product  Rydberg  atom  beams.  The 
product  Rydberg  atoms  continue  into  a  region  with 
electric  field  in  the  x-z  plane  and  given  by  * 
V/(BR),  where  ±V  volts  are  applied  to  plane  plates  at 
an  angle  26  with  respect  to  each  other  and  R  is  the 
distance  from  the  apex  of  the  wedge.  Because  the 
field  changes  with  z,  Rydberg  atoms  with  different 
are  field  ionized  at  different  values  of  z.  Elec¬ 
trons  (or  ions)  are  detected  on  a  position  sensitive 
detector,  and  by  varying  V  the  cross  section  versus 
can  be  measured  over  the  range  18  £  £  55. 


The  resulting  curve  has  a  maximum  near  n^  *  33, 

and  the  sum  oT  *  £_  cr_  is  consistent  with  the  total 
T  nf  nf  5 

cross  section  previously  reported'1  using  a  coincidence 
technique. 


Similar  work  on  DR  for  Li+  is  in  progress,  and 
will  be  discussed. 


This  work  was  supported  in  part  by  the  Office  of 
Fusion  Energy,  U.  S.  Department  of  Energy. 
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THEORETICAL  CALCULATIONS  OF  ELECTRIC  FIELD  EFFECTS  ON 
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D.  C.  Griffin  ,  M.  S.  Pindzola  and  C.  Bottcher 
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External  electric  fields  can  have  a  pronounced 
effect  on  dielect ronic  recombination  cross  sections. 

They  not  only  can  field  ionize  high  Rydberg  states, 
but  they  can  also  cause  a  redistribution  of  the  angular 
momentum  among  the  doubly-excited,  intermediate  states 
which  may  significantly  enhance  the  total  dielect ronic 
recombination  cross  section.  This  field  enhancement 

has  been  demonstrated  by  a  number  of  approximate  theo- 
1.2.3 

retical  calculations.  However,  all  of  these  employ¬ 

ed  some  variation  of  the  configuration- average  approxi¬ 
mation,  and  they  do  not  properly  take  into  account  the 
field  mixing  between  individual  levels  within  the 
doubly-excited  configurations  that  are  populated  during 
the  recombination  process. 

We  will  present  the  results  of  intermediate- 
coupled  calculations  of  dielectronic  recombination 
cross  sections  associated  with  the  2s-*2p  excitation  in 
several  Li  Kve  ions  and  the  3s-*3p  excitation  in 
several  N a  like  ions  in  the  presence  of  an  external 
electri.  field.  The  eigenvectors  for  the  doubly- 

excited,  intermediate  states,  were  determined  in  these 
calculations  by  diagonalizing  a  Hamiltonian  which  in¬ 
cludes  the  internal  electrostatic  and  spin-orbit  terms 
as  well  as  the  Stark  matrix  elements.  However,  only 
doubly-excited  configurations  with  the  same  principal 
quantum  number  n  for  the  Rydberg  electron  were  included 
in  a  given  matrix,  so  that  the  effects  of  field  induced 
n  mixing  were  neglected. 

The  variation  of  the  cross  sections  with  the  exter¬ 
nal  electric  field  will  be  presented  as  a  function  of 
principal  quantum  number  and  electron  energy,  and  the 
results  of  the  calculations  will  be  compared  with  recent 
crossed  electron-ion  beam  measurements  of  the  dielec¬ 
tronic  recombination  cross  sections. 


Permanent  address:  Department  of  Physics,  Rollins 
College,  Winter  Park,  Florida  32789. 

+Permanent  address:  Department  of  Physics,  Auburn 
University,  Auburn,  Alabama  36849. 

1.  V.  L.  Jacobs,  J.  Davis,  and  P.  C.  Kepplc,  Phys. 
Rev.  Lett.  27,  1390  (1976). 

2.  K.  LaGattuta  and  Y.  Hahn,  Phys.  Rev.  Lett.  51, 
558  (1983). 

3.  D.  C.  Griffin,  M.  S.  Pindzola  and  C.  Bottcher 
Oak  Ridge  National  Laboratory  Technical  Report 
TM  9478  (1985). 


Lfcfc  4 


NW.-v-.-.-.y 

>>>>> 
.  -  .  -f.  i 


xm, 


.'.v.'-v-v-i 


V  /.  , 


v>y;. 

v.yNw 


DIELECTRON  IC  RECOMBINATION  0 f  Mg+ 


A.  P.  Kick. man 


Chemical  Physics  Laboratory,  SKI  International,  Menlo  Park,  CA  94025  USA 


Tnere  has  been  considerable  interest  in  the 
dielectronic  recombination  (DER)  of  the  magnesium  ion. 


e  +  Mg  (3s)  ♦  Mg  (3p,njJ)  -*■  Mg (3s, a?)  +  hv 

A  discrepancy  arose  because  the  first  measurements* 
turned  out  to  be  about  a  factor  of  five  larger  than  the 

2 

earlier  calculations  of  LaGattuta  and  Hahn  . 
Subsequently ,  Lagattuta  and  Hahn  suggested  that  small 
electric  fields  (<  24  volts/cm)  present  in  the  experi¬ 
ment  would  make  the  cross  sections  an  order  of  magni¬ 
tude  larger.  The  present  work  shows  that  a  more  de¬ 
tailed  calculation  of  DER  in  the  field-free  limit  also 
leads  to  signiif icantly  larger  cross  sections.  The  in¬ 
crease  occurs  because  we  include  the  fine  structure  of 
the  ionic  core,  and  also  use  more  accurate  autoioni¬ 
zation  rates  for  states  of  large  angular  momenta. 

To  include  fine  structure,  it  is  convenient  to  use 
the  pair  coupling  scheme^  for  the  angular  momenta. 

Then  the  orbital  and  spin  angular  momenta  of  the  inci¬ 
dent  electron  are  \  and  s;  the  orbital  and  spin  angular 
momenta  of  the  Mg+  valence  electron  are  and  and 

£  »  1  +  ,  and  3  =  K  +  s.  One  then  expres¬ 

ses  the  autoionization  rates  of  the  core-excited 
Rydberg  states  Mg(3pj^;njQ  in  terms  of  the  auto¬ 
ionization  rates  of  the  states  Mg(3p;nJl)  calculated  in 
LS  coupling.  Making  the  further  approximation,  valid 
for  large  L,  that  the  rates  are  Independent  of  the  spin 
of  the  Rydberg  electron,  one  obtains 

S  L  J 

rK( 3p,  ;ni)  -  (2^+0  z  {  1  „l  ,l>2rLOp;tu) 

L-»±l  1  K  L 

The  autoionization  rates  have  been  evaluated  by 
using  Multichannel  Quantum  Defect  Theory to  extrapo¬ 
late  scattering  calculations  performed  above  the  thres¬ 
hold  for  electron  impact  excitation  of  Mg+(3s-*3p), 
to  the  Rydberg  series  of  autoionization  states  below 
the  threshold.  Using  the  Coulomb-Bethe  approximation^, 
and  evaluating  certain  integrals  using  the  method  of 
reference  7,  the  rates  may  be  obtained  analytically. 

Results  are  shown  in  the  figure.  The  present  cal¬ 
culation  is  more  than  a  factor  of  two  larger  than  the 

2 

previous  calculation  of  LaGattuta  and  Hahn  .  There  is 
about  30%  difference  between  the  peak  values  of  the  re¬ 
sults  with  and  without  fine  structure.  The  difference 
between  the  dotted  curve  and  the  dashed  curve  of 


LaGattuta  and  Hahn^  is  <jue  to  our  use  of  more  accurate 
autoionization  rates  for  L>5. 

We  conclude  that  it  is  very  important  to  Include 
all  the  distinct  autoionization  rates  that  may  contri¬ 
bute  to  the  recombination.  Because  of  a  saturation 
effect,  the  contribution  of  a  manifold  of  degenerate 
autoionizing  states  is  limited.  However,  if  these 
states  are  split  by  fine  structure,  each  state  may 
contribute  separately,  and  the  total  cross  section  may 
increase.  Thus  the  splitting  of  several  zeroth  order 
states  that  has  been  attributed  to  external  fields  Is 
already  present  to  some  degree  in  the  zero  field 
case.  Our  results  Indicate  that  the  zero  field  case 
should  be  treated  as  thorougly  as  possible  before 
introducing  external  fields. 

This  work  was  supported  by  NSF  Physics. 
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ANGULAR  DEPENDENCE  OF  DIELECTRONIC  RECOMBINATION  CROSS  SECTIONS 


K.  J.  LaGattuta 

Department  of  Physics,  University  of  Connecticut,  Storrs,  CT  06268  USA 


Past  calculations  of  dielect ronic  recombination 
total  cross  sections  (c^R),  for  singly  charged 


1,2 


target  ions  *  ,  have  compared  poorly  with  the  results 


of  recent  crossed  beam  coincidence  measurements 


3,4 


The  experimental  is  now  known  to  be  »v5  (Mg*+) 


1+. 


to  <*10  (Ca  )  times  larger  than  the  theory,  for  these 


DR 


ions.  By  contrast,  calculations  of  <T  for  few  times 


charged  ions  have  compared  more  favorably  with 


results  of  merged  beam  noncoincidence  experiments  . 


It  has  been  suggested  that  electric  field  induced 


7 


mixing  of  high  Rydberg  states  levels,  in  the 


interaction  region,  could  be  responsible  for  the 
rDR 


enhancement  of  measured  CT  values.  One  expects 
that  such  mixing  should  occur  most  readily  in  the 
lowest  charge  state,  Z  =  1,  but  detailed  Z  dependent 
calculations  are  still  lacking.  Meanwhile,  other 
possibilities  may  exist. 

In  this  context,  it  is  worth  pointing  out  that 
the  coincidence  data  was  accumulated  at  fixed  geometry; 

i.  e.,  the  outgoing  stabilizing  photon  was  detected 


at  fixed  angle  with  respect  to  the  incoming  electron 
beam.  Further,  in  the  Mg1+  experiment,  both  the 


electron  beam  and  the  stabilizing  photon  made  fixed 
angles  with  respect  to  the  direction  of  the  static 
electric  field  which  existed  in  the  interaction 
region.  Hence,  these  data  may  reflect  an  angular 
dependence,  while  the  total  CT^R  values,  of  course, 
do  not . 

For  select  ions,  we  shall  calculate  <rDR 
differential  in  6^,  the  angle  made  by  the  outgoing 
stabilizing  photon  with  a  space  fixed  direction,  and 
dependent  on  photon  polarization.  The  space  fixed 
direction  will  be  either  the  electron  beam  axis  or, 
when  there  is  an  applied  electric  field,  the  direction 
of  this  field.  In  the  latter  case,  explicit  dependence 
of  on  the  angle  made  by  the  incoming  electron 

beam,  Q ^  ,  and  the  space  fixed  axis  will  be  included. 
The  isolated  resonance  approximation  will  be  invoked 
in  a  single-configuration,  no-coupling,  distorted- 
wave  formal ism . 


1+ 


Preliminary  results  for  Mg  ',  with  an  applied 
electric  field  of  magnitude  24  V/cm  in  the  interaction 


region,  show  changes  in  CT°R  of  £50%,  when  both  6L 


and  0C  are  varied;  i.  e.,  this  is  the  difference 
between  the  maximum  and  minimum  values. 


This  work  was  supported  in  part  by  the  US  DOE 
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j i elec  Tronic  hecjmbi nation  satellite  ethuctuhe  of 

LITHIUM-LIKE  IONS* 

L.  J.  Hoszinan  and  A.  w.  Weiss 

National  Bureau  of  Standards 
Gaithersburj,  Maryland  2iM99 


Tne  total  rate  at  dielectronic  recombination  is 
critically  important  fjr  modelliny  tne  ionization 
balance  in  nijn  temperat  ire  plasmas.  However,  tnis 
recomoi lation  process  also  jives  rise  to  spectral 
lines  wni :n  are  usually  satellitic  to  lines  of  tne 
recO' :o  i  n  i  n  ^  ijn,  anj  wnicn  are  often  usefjl  for  dia.j- 
nostic  purposes. 

we  nave  carried  ojt  calculations  of  ttie  dielec- 
troni;  reco.  id  i  nati  on  lines  for  tne  process  e  +  Ar15  + 
anj  e  +  Fe23t,  i.e.  tne  recomDination  of  I  i  tnium-t  iKe 
ions  to  forui  Dery l  I  ium-1  i Ke  ions.  In  particular,  we 
concentrate  on  tne  in^j  transitions  wnere  tne 
principal  quantum  nunoer  cnanje  is  3  •  2.  Tne  Dound 
oroital  oasis  was  computed  in  tne  Hartree-FocK  ap¬ 
proximation.  Tne  dielectronic  and  oound  state  wave 
function  calculations  tnemselves  included  all  intra- 
complex  confi juration  interaction  as  well  as  Pauli 
approximation  relativistic  corrections,  i.e.  inter¬ 
mediate  coupling.  Tne  continuum  functions  were 
computed  in  tne  distorted  wave  approximation  usinj  tne 
semic I assical  approximation  for  excnanje  witn  tne  ion 
core. 


Intensities  depend  on  tne  dielectronic  capture 
(autoionization)  rate  as  well  as  tne  radiative  rate 
and  tnese  nave  Deen  computed  in  tne  conventional 
'isolated  resonance'  approximation  as  a  function  of 
temperature,  we  also  investijate,  for  selected  cases, 
tne  competition  Between  direct  radiative  recombination 
and  dielectronic  recomDioation,  Dy  including  tne 
conerent  interference  Detween  dielectronic  and  direct 
matrix  elements. 

*Tnis  worx  was  supported  in  part  Dy  tne  department 
of  £neray.  Office  of  Magnetic  Fusion  Energy. 
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Wavelengths  were  estimated  oy  referrinj  the  cal¬ 
culated  energy  levels  to  tne  relevant  levels  of  the 
lithium-like  ion,  a  procedure  wnich  we  expect  to  com¬ 
pensate  for  most  of  the  residual  correlation  and 
relativistic  errors.1’2  unfortunately  ,  conf ijuration 
interaction  and  intermediate  couplinj  sometimes  make 
tnis  procedure  ambijuous.  While  selection  was  always 
made  on  the  Dasis  of  dominant  configurations,  in  tnese 
cases  we  expect  our  accuracy  to  oe  somewhat  dejraded. 
We  should  note  tnat  strong  configuration  mixihj  also 
leads  to  a  nunber  of  transitions  which  are  not  satel¬ 
litic  to  any  transition  in  the  Li-like  ion.  For 
instance,  tne  transition  Js2  -  2s3p  is  made  allowed  Dy 
confi juration  interaction  but  cannot  be  construed  as  a 
I  ithium-1 ike  satel I ite. 
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DIABATIC  STATES  OF  THE  H2  MOLECULE  FOR  THE  DESCRIPTION  OF 
H$  +  e,  H"  +  H+,  and  H(ls)  +  H(n».)  COLLISIONS 

P.  Quadrelli  and  K.  Dressier 

Physical  Chemistry  Laboratory,  ETH-Zentrum,  CH-8092  Zurich,  Switzerland 


The  properties  of  the  excited  states  of  the  H^  mole¬ 
cule  are  related  to  the  cross  sections  of  a  variety  of 
collision  processes  involving  as  initial  or  final  states 

the  systems  H*  +  e,  H"  +  H+,  and  H ( 1  s )  +  H(n<_). 

‘  1  + 

For  the  first  three  excited  l  states  of  H.  accurate 

9  ^ 

ab  initio  wavefunctions,  electronic  energy  curves  and 
nonadiabatic  coupling  functions  are  available  in  the 
adiabatic  electronic  basis,  covering  a  wide  range  of  in- 
ternuclear  distances  R . '  In  order  to  solve  the  coupled 
oscillator  problem  for  the  vibrational ly  bound  excited 
states  in  a  nonadiabatic  representation,  the  electronic 
states  are  transformed  into  a  diabatic  electronic  basis 
which  is  defined  by  zero  dynamical  coupling  at  all  R 
values  and  by  the  unit  transformation  matrix  for  R  »  “ 
(Fig.  la).  Comparison  between  theory  and  experiment  shows 
that  the  resulting  nuclear  dynamical  energies  of  the 
bound  states  are  accurate  within  a  few  cm  '  for  the 
lowest  levels  and  within  50  cm  '  for  the  levels  involving 
the  largest  nuclear  kinetic  energy. 

Nevertheless  the  ab  initio  diabatic  states  gene¬ 
rated  by  this  definition  have  no  resemblance  with  the 
diabatic  states  needed  in  the  description  of,  e.g., 
dissociative  recombination  H*  +  e  -  H(ls)  +  H (2s , 2p ) .  We 

have  constructed  a  diabatic  basis  (Fig.  2a)  similar  to 

2 

the  one  discussed  by  Hazi,  Derkits  and  Bardsley  by 
fitting  the  lowest  three  of  the  diagonalized  adiabatic 
energy  curves  (Fig.  2b)  to  the  corresponding  ab  initio 


electronic  energies  of  the  EF,  GK,  and  H 
the  interval  R= 1  - 6  au. 


states  in 


•  1 GJ  cm" 


1.0 


Gt. 


EF 


2  3  4  5  R(au) 


FIGURE  la.  Ab  initio  FIGURE  lb.  Fitted 

diabatic  (solid)  and  adiabatic  (dashed)  energies. 


FIGURE  2a.  Fitted  FIGURE  2b.  Ab  initio  (+)  and 

diabatic  energies  fitted  adiabatic  energies 


Using  the  fitted  adiabatic  energy  curves  (Fig.  2b) 
we  can  simulate  the  diabatizing  transformation  which  was 
applied  to  the  three  ab  initio  adiabatic  states  (Fig.  la) 
by  selecting  only  the  lowest  three  of  the  diagonalized 
electronic  states  and  their  dynamical  coupling  functions: 
The  diabatic  states  generated  by  back  transformation  of 
this  artificial  adiabatic  basis  of  dimension  three 
(Fig.  lb)  differ  greatly  from  the  corresponding  ones  in 
the  original  set  (Fig.  2a),  but  they  are  qualitatively 
similar  to  the  diabatic  curves  generated  from  the  ab 
initio  data  (Fig.  la) . 

We  conclude  that  (i)  a  small  number  of  accurately 
known  adiabatic  electronic  states  with  associated  coup¬ 
ling  functions  suffices  for  an  adequate  description  of 
the  vibrational ly  bound  states,  (ii)  empirically  chosen 
diabatic  electronic  states  may  be  useful  for  calculations 
of  collision  cross  sections,  (iii)  simultaneous  accurate 
descriptions  of  the  viurat ional ly  bound  states  and  of 
the  collision  processes  which  taxe  place  in  the  energy 
continuum  above  n(lsi  +  r(2* )  require  an  electronic  Dasis 
of  large  dimension  even  if  the  individual  electronic 
wavefunctions  are  very  accurate. 
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THE  DETERMINATION  OF  INTERNAL  ENERGIES  OF  MOLECULAR  IONS 
FROM  ELECTRON  IMPACT  DISSOCIATION  MEASUREMENTS 

J.B.A.  Mitchell,  H.  Hus*,  and  R.  Janssen^ 

Department  of  Physics,  The  University  of  Western  Ontario, 

London,  Ontario,  Canada  N6A  3K7 

*Permanent  Address:  Dept,  de  Physique,  Universite  Catholique  de  Louvain, 
Louvain-la-Neuve ,  Belgium. 

"^Permanent  Address:  Technical  University,  Eindhoven,  The  Netherlands. 


The  dissociative  recombination  of  molecular  ions 
with  electrons  is  influenced  strongly  in  some  cases  by 
the  initial  excitation  state  of  the  recombining  ion. 
Indeed  for  certain  ions,  a  change  of  a  few  tenths  of  an 
eV  of  internal  energy  can  lead  to  a  change  in  the 
reaction  cross  section  of  several  orders  of  magnitude. 
This  situation  occurs  when  the  potential  energy  curve 
for  the  neutral  dissociating  state  does  not  intersect 
the  ion  state  in  the  vicinity  of  the  ground  vibrational 
level.  Such  is  believed  to  be  the  case  for  H2+,  H3+, 

HeH+  and  He2+.  For  other  ions  the  effects  of  vibrational 
excitation  are  less  well  understood. 

The  Merged  Electron-Ion  Beam  Experiment  (MEIBE)  at 
UWO  has  been  used  recently  for  measurements  of  the  dis¬ 
sociative  recombination  of  C0+^  and  In  such 

studies  it  is  important  that  the  internal  energy  of  the 
molecular  ions  is  well  characterized.  The  ions  in  this 
experiment  are  produced  in  a  radio  frequency  ion  source 
mounted  in  the  terminel  of  a  Van  de  Craaff  accelerator. 

Electron  impact  dissociation  cross  sections  were 
measured  as  a  function  of  centre  of  mass  energy  for  both 
ions.  This  process  involves  an  electronic  transition 
from  the  bound  ground  state  of  the  ion  to  a  higher  re¬ 
pulsive  state  and  so  it  exhibits  a  threshold,  the  energy 
of  which  depends  on  the  internal  energy  of  the  initial 
ions.  A  Franck-Condon  analysis  of  the  ionization  of  CO 
to  form  C0+  was  performed  and  the  relative  populations 
of  the  vibrational  levels  of  the  C0+  ions  used  in  the 
experiment  were  calculated. 

This  analysis  predicted  that  vibrational  states  up 
to  v  =  10  should  be  populated  in  the  beam.  This  was 
confirmed  by  the  measurement  of  the  threshold  for  C0+ 
dissociation . 

Hj+  is  formed  indirectly  by  the  reaction: 

H2  +  +  H2  -*  H3+  +  H 

and  so  the  vibrational  population  of  the  ions  cannot  be 
estimated  from  Franck-Condon  considerations.  Measure¬ 
ments  of  the  electron  impact  dissociation  reactions: 
e  +  H3+  -*•  H  +  H2+  +  e 

-H  +  H  +  H+  +  e 

have  allowed  a  direct  determination  of  the  internal 
energy  of  the  H3+  ions  to  be  made.  Preliminary  studies 
indicate  that  the  r.f.  source  under  normal  operating 
conditions  produces  H3+  ions  which  are  very  excited 


These  measurements  will  be  discussed  in  more  detail. 
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THE  POPULATION  DISTRIBUTIONS  AMONG  THE  EXCITED  LEVELS  OF 
HYDROGEN-LIKE  IONS  IN  THERMAL  PLASMAS 

R.J.  Hutcheon*,  N.N.  Ljepojevic^,  S.  Volonte^,  R.W.P.  McWhirtec* 

?  The  Nuclear  Development  Corporation,  Pretoria,  South  Africa 
^  The  Institute  of  Physics,  Belgrade,  Yugoslavia 
^  The  University  de  Mons,  Mons,  Belgium 

The  Rutherford  Appleton  Laboratory,  Oxfordshire,  United  Kingdom 


For  hydrogen-like  ions  of  nuclear  charge  greater 
than  about  10  their  main  resonance  lines  (Lymana 
lines)  are  sufficiently  narrow  from  a  range  of  emitt¬ 
ing  plasma  conditions  that  the  two  components  can  be 
separately  resolved  spectroscopically.  They  have  been 
observed  from  the  solar  atmosphere,  tokamak  plasmas 
used  in  fusion  research  and  from  laser  produced  plas¬ 
mas.  In  most  cases  their  intensity  ratio  is  about 

0,5  as  would  be  expected  for  a  statistical  population 

2  2 

distribution  between  the  2p  anc*  2p  ^3/2  ^eve^s* 

However  there  is  evidence  that  significant  departures 
from  the  0.5  statistical  ratio  do  occur  and  it  is  the 
purpose  of  the  work  reported  in  this  paper  to  carry 
out  a  calculation  to  explore  the  circumstances  and 
processes  where  such  departures  could  take  place. 

We  have  done  a  collisional-radiative  calculation 
where  we  have  taken  account  of  the  usual  radiative 
decay  processes  and  electron-collision  induced  tran¬ 
sitions  between  the  principal  quantum  levels  up  to  n  » 
50  where  the  sub-levels  (l,j)  are  asumed  to  be  relativ¬ 
ely  stastically  populated  down  to  level  n  *  5.  For 
levels  n  *  2,  3  and  4  separate  account  is  taken  of  the 
(n,l,j)  sub-levels  including  in  particular  the  effect 
of  collisional-transitlons  Induced  by  electrons  and 
ions  where  the  principal  quantum  number  does  not  change 
(An  -  0  collisions).  It  is  these  An  -  0  collisions 
that  are  largely  responsible  for  the  departures  of  the 
population  of  the  sub-levels  from  their  statistical 
distributions .  For  those  transitions  induced  by  ion 
collision  we  have  included  the  possibility  that  var¬ 
ious  ions  of  any  charge  or  mass  be  present  in  order  to 
cover  solar  plasmas,  fusion  plasmas  as  well  as  laser 
produced  plasmas.  For  ions  of  nuclear  charge  greater 
than  about  15  the  helium-like  satellite  lines  in  the 
neighborhood  of  the  Lymana  lines  need  also  to  be 
taken  into  account.  We  show  how  these  satellites 
modify  the  apparent  Intensity  ratio  of  the  components 
of  the  Lymana  doublet.  Results  are  presented  for  a 
wide  range  of  ions  and  plasma  conditions. 

The  calculation  is  also  capable  of  predicting 
the  Intensity  distributions  among  other  multiplets  of 
hydrogen-like  ions  such  as  the  Hell  X  1640A  Balraer  mul¬ 
tiple!  for  which  we  also  present  results.  In  addition 


the  usual  collisional-radiative  ionization  and  recom¬ 
bination  coefficients  are  calculated  and  a  selection 
of  these  are  compared  with  some  earlier  results. 

Finally  some  experimental  data  is  reviewed  and 
compared  with  the  predictions  of  the  calculation. 
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ELECTRON-ION  RECOMBINATION  STUDIES  OF  CADMIUM 


R  K  Thareja  and  A  Khare 


Department  of  Physics,  Indian  Institute  of  Technol ogy, Kanpur-20801  6 , Ind ia 


Preliminary  experimental  investigation  of 
the  effect  of  inert  gases,  in  our  case  helium, 
at  various  pressures  on  the  intensity  of  Cd  I 
and  Cd  II  transitions  is  presented. 


A  high  voltage,  high  current  pulse  is  used 
to  produce  the  cadmium  plasma.  The  plasma 
expands  at  low  pressure  and  recombines  to 
produce  the  population  in  the  next  lower  ioni¬ 
zation  stage.  The  visible  spectrum  was  recor¬ 
ded  on  an  ordinary  film,  using  a  three  prism 


spectrograph  (Carl  Zeiss).  In  addition  to  the 
earlier  report  ,  we  have  observed  the  follow¬ 


ing  cadmium  transitions  in  the  presence  of 
helium  gas  at  a  pressure  of  15  Torr. 


Cd  I  (508.5  nm);  5d  2  -  z  4 

°5/2  F  3 / 2 


Cd  II  (502.5  nm);  5d  2_ 


Cd  II  (488.1  nm);  Cd  I  (467.8  nm). 


A  strong  dependence  of  the  intensity  of  the 
emitted  spectrum  on  pressure  of  background  gas 
is  observed,  indicating  electron-ion  recom¬ 


bination  in  the  expanding  plasma.  An  extensive 
study  on  the  recombination  behavior  of  the 


transition  at  537.8  nm  and  533.7  nm,  laser 

2 

transitions'  is  reported.  The  variation  of 
line  intensity  as  a  function  of  helium  pressure 


and  distance  from  the  metal  surface  is  shown 


in  Fig.(l).  It  is  observed  that  at  certain 
critical  pressure  ^  2 . 6  Torr  of  helium,  the 
intensity  is  maximum.  The  enhancement  of  the 
intensity  implies  that  probably  the  density  of 


plasma  at  this  point  satisfies  the  conditions 


for  recombination  laser  .  The  results  are  in 


agreement  with  the  experimental  observations 


on  a  similar  system  for  IR  transitions  . 


In  addition,  it  is  observed  that  at  a 
pressure  of  5.8  Torr  of  helium,  the  emitted 
cadmium  spectrum  is  weak.  The  work  is  in 
preliminary  stages  and  needs  further  investiga¬ 
tions.  These  studies  will  be  helpful  in 
optimizing  the  conditions  for  plasma  recombina¬ 
tion  laser  having  the  similar  electrode 


8  0  Torr 


s  true ture 
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2  0  Torr 


S.H: 
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Cd  I  (632.5  nm);  5d  2  -4f  Cd  11(533. 7nm); 

3/2 


5-8  Torr 


Fig.l  : 


1  3  5  7  9 

Z(mm)  - ♦ 

The  variation  of  line  intensity  of  the 
transitions  at  533.7  nm  and  537/8  nm 
in  the  presence  of  helium  gas  and  the 
distance  from  the  metal  surface.  The 
discharge  parameters  are:  Caoacitor 
charging  voltage  =  14,25  KV ,  total 
storage  capacitance  =  0.166  F. 


The  project  is  partially  financed  by 
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I.  Introduction 

The  title  process  via  the  *I^(2pou)^  resonance 
state  is  studied  by  the  multichannel  quantum  defect 
theory  (MQDT).  Our  analysis  is  different  from  that  of 
Giusti  et  al^  mainly  in  two  respects:  the  values  of 
the  quantum  defect  and  the  two-step  MQDT  treatment. 

The  main  purpose  of  this  work  is  to  investigate  the 
effect  of  these  differences  on  the  cross  sections. 


two-step  MQDT  treatment  was  found  to  be  small.  In 
respect  to  the  magnitude  of  the  cross  sections  there 
still  remains,  unfortunately,  a  discrepancy  between 
the  present  result  and  the  experiment.  As  a  byproduct, 
we  have  also  obtained  the  d-wave  partial  cross  sections 
for  vibrational  excitation  of  H*. 


•  .  *  .v  ,  ■  .  • 
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II.  Method 

The  basic  information  necessary  for  the  MQDT 
treatment  is  the  potential  energy  curve  E,(R)  of  the 
dissociative  state,  the  width  T(R)  of  this  state,  and 
the  quantum  defect  p(R).  These  quantities  are  obtained 

from  our  previous  calculations  of  the  elastic  scatter- 
+  2 

ing  of  electrons  from  H2*  The  quantum  defect  y(R)  is 
obtained  by  subtracting  the  resonance  contribution 
from  the  total  do-wave  phase  shift  and  is  fitted  by  a 
Pade  approximant .  The  values  are  shown  in  Fig.l  in 
comparison  with  those  used  by  Giust  et  al.  Their 


quantum  defect  seems  to  be  a  little  too  large  and 
incorrect.  In  the  actual  calculations  of  the  cross 
sections  we  have  followed  the  procedure  formulated  by 
Seaton.3  The  basic  quantity  in  this  treatment  is 

fZ  1  =  f  JZ  oo  J?  oc  'j 

(  fZ.  CO  fZ  cc  / 

where  the  suffix  o(c)  indicates  the  open (closed) 
channel.  The  matrices  ^  and  £  are  the  same  as  those 
in  ref.l.  The  advantage  of  this  Seaton's  procedure 
consists  in  the  fact  that  the  unitarity  of  the  scatter¬ 
ing  matrix  is  simply  guaranteed  by  the  symmetry  of  the 
matrix  . 


present 


Giusti  et  al  (1/10) 


Internuclear  distance  R(a<j 


1:presenl 
2:experiment 
3:Giusli  el  al 
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III.  Results 

The  calculated  cross  sections  are  shown  in  Fig. 2. 
The  number  of  channels  included  and  the  convolution 
procedure  to  obtain  the  smoothed  cross  sections  are 

the  same  as  in  ref.l.  Our  results  agree  with  the 
4 

experiment  in  respect  to  the  general  energy  dependence 
at  low  energies.  Especially  the  position  of  the  first 
dip  at  E  =  O.leV  agrees  with  the  experiment  better  than 
that  of  Giusti  et  al.  This  better  agreement  is 
attributed  to  the  effect  of  the  proper  quantum  defect 
employed  here.  The  effect  of  the  difference  in  the 
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THE  THEORY  OF  THE  COLLISIONS  OF  POSITRONS  WITH  AL  k  AL  I  -  A  T  OH  S  AND  A  L  k  A  l  l  -  L  1  k  I  IONS 

M.  A.  Abdel -  Ra o<j f 

Ac halm  StraOe  IT.  7406  Mbssinqen,  West -Germ any 

It  is  well  known  that  alkali  atoms  and  alkali-  -  2(a^g)  ^Ps(kq  -  (!iq  +  1)2^,^+ 

like  ions  are  quantum  mechanical  systems  of  ex-  ,,q 

tremely  high  polarizabilities  and  that  their  +  (a^g  )  *^ps  +  ^  kq  (kq  + 1  )  ( Jgc  - 1  )  I  +  AqAv 

■ollisions  with  positrons  are  at  least  two-ch-  „  Tq  4  Ta 

,  V1  .  .  .  ,  ♦  . .  ,  .  .  a q  a?  ( Yq  ) ~d  u  v  ( J  q  !  )  {  ( u q  +aq  )  c<  v  s  ( Jq  - 1 )  !  + 

annel  problems  m  wmch  both  elastic  and  rear-  ju  jv  uv  uv  uv  ps  ps 

cangement  crocesses  take  place  even  if  the  sea*-  Jqv-1  Tq  ,  Tq  •  i 

l  i(Jq  (Jq  - i  )  f  ( d 1  +aq  j'Ts+Juv"1)" 

tering  energies  are  zero.  This  fact  makes  it  re-  i  uv  uv  uv  ps 

asor.abl,  in  any  treatment  of  these  problems,  to  ^q  jJjv-i,Tq  +Tq  1)!}}  (3) 

consider  frozen  core  models  for  the  targets  and  uv  yS  JV 

assume  that  the  total  collisior.al  cross-section:  Considering  the  partial  wave  expansions  of  the 


are  predominated  by  elastic  and  positronium 
formation  cross-sections  to  a  wide  region  of 
incident  energies.  An  excellent  approximation, 
r.owever.can  be  obtained  by  switching  on  the 
polarization  potential  of  the  first  channel. 

The  one  valence-electron  model  of  the  target  q 
has  the  total  Hamiltonian,  (Rydberg  units  are 
us**  i ) :  2Zq 

H 5  =  -  vr  *  +  Vq(r),  (1) 

wher  is  the  effective  charge  of  the  nucleus 

plus  the  core  of  the  target.,  i.e  -  Zq-  M; 

"qis  the  number  of  core  electrons.  For  neutral 
at osis  1,  for  alkali-like  ions  of  one  po¬ 

sitive  charge ,  i.e.  12Mg+,  20Ca+,  38Srt  56Ba* 
and  vj8Pa,  7q  .  .=  2  and  for  M  -  i  scat  ec  t  rn-’  i  e  ions 
fro:.-.  5B(2+)tcil0ile(7+)  Zqff=2,3 . 7. 

The  cor?  potentials  Vq  are  defined  by 

i'Jq  n  ,  2Zq 

Vq(r)  =  Z  <  <tq| - - - £^-|$q> 

-  i  C  Ir-r.l  r 

Mq  ma  ,  1  ' 

or  Vq(r)  =  -  *«  E  Nq  £  1  (aq  +  r  Aq 

,i  •  p-~  ps  • 

A<*  a<1pais  exP(-aps)(Jos!  H1  * 

fps-'1  i'r4s-i( agp)jgs-3  } 

ir1  -Iq  (Jq  -  i  )! 

ps  p  s 

-  2':  (Z2r  13  ,  (7) 


%f  q 

t(uq  )*Jrs  +  1kq(kq  +  1)(Jq  -1).'  t  85.  X-  tO  iq  AqA 
ps  •  f  r  ps  ,:-1  j  Ov  U  V 

aIuaju(luur^y‘1(Juu!)((ju'vtapSrJPs{JpS-1)!  + 

EaV_1  i(Jq  (Jq  -i)!(uq  taq 
1  uv  uv  UV  ps 

(o,q  )J2u'i(Jq  +Jq  - i - 1 ) !  } )  (3) 

U  V  p  S  U  V 

Considering  the  partial  wave  expansions  of  the 
scattering  wave  functions  of  the  elastic  and  re¬ 
arrangement  channels,  the  coupled  static  treat¬ 
ment  provides  us  with  the  coupled  integro-dif- 
2 

ferential  equations 

{d^/dx^-i  (  £  +  1  ) /x^  +  (*c^  )2 }  ( x  )  =  Vq(x)f^(x)  + 

or  x^2 (y » x )rq (y )  dy  (4) 

{  d2 /dy2 -i ( t  +  1 ) /y2  +  (<q )2 } (y  )  = 

=  2  I"  Kq(y,x) fq(x)  dx,  (5) 

O  2  I  2 

where  x  is  the  position  vector  of  the  positron 
relative  to  the  nucleus  of  th^  targe’.,  and  y  is 
defined  by  y*^(r+x ) .  K^2  «s«3  K|^  are  the  coupled 
kernels  of  the  first  and  second  channels.  Uq(x) 
is  the  static  potential  siv*>ti  by 

uq(x)  =  8£.{*\:q  ^s(*(«’8)^s  +  1>'1  Aq  Aq  a]p 

a1,sxi  ( -aq_x  )  (7q  ,!  )  {  1  +.S.  (.Tq 

t,  3  '  ^  t  .'■>  1-1  P  S 

(.;'-.-i)!)'1ix':  ?  3  * 1  ( aq ,, )  ■'  ?  s  * 1 ) 

+  2  (:;■*♦  1  j  (7q.,..-  1  )/:<.  (6) 

(<q)'“  and  (<^)“‘  uv"  r-lat-T  1 ;;  ( ►  \  )  ‘  ■  ?  {  rj  +  ( <T{ )  ^ } 
f  1  .  (y.n* ,  *. j . h  •  «, ; :  .  :  •  • 


: :  n  r  1 7.  a  *  1  on 


is  the  number  of  core  orbitals. 


■he  number  of  electrons  in  the 


■  rbi t  a  1  of 


the  target  q,  Aq,n,  *s,  aq  *s  are  givn 
*  P ^ r  •]  _ 

the  tables  by  Clement!  and  Ro**t,ti  ,  are:  't* 

°qual  to  aq  t  ,  Jq  -  kq  +  kq  +  2,  wh^r 

1  r  c  r.  *?  r  o 


are  integers  presented  in  th^  tables. 

7he  ground-state  energies  of  the  targets  are 


determined  by 


(aq)2;.;q..! ) 


NEW  THEORY  OF  THE  ANNIHILATION  PARAMETER  FOR  e  +  -  ATOM  (MOLECULE)  SYSTEMS. 


E.  Ficocelli  Varracchio 

Department  of  Chemistry,  University  of  Bari,  Via  Amendola  173, 


70126  Bari,  ITALY. 

The  effective  number  of  annihilition  electrons 
(2^),  in  e  -  atom  (moLecule)  systems,  is  defined  by  the 
integral 


whose  evaluation  characteristically  requires  a  knowledge 
of  the  |K.,YN>  full  system  wave  function.  In  the  spi¬ 
rit  of  a  recent  approach  to  the  problem  of  e*  -  atom 
(molecule)  collisions,  we  wish  to  reformulate  the  matrix 
element  (1)  in  the  language  of  Field  Theoretic  (FT) 
Green's  functions.  The  formal  advantage  of  the  FT  for¬ 
mulation  derives  from  the  fact  that  the  final  apmlitudes 
involved  will  depend  on  a  smaller  number  of  coordinates, 
than  the  full  system  wave  function.  Such  an  aspect 
should,  therefore,  make  them  more  readily  amenable  to 
numerical  calculations. 

By  using  the  FT  approach  it  is  not  difficult  to 
show  that  the  knowledge  of  Z^,  in  (1),  can  be  completely 
reduced  to  the  determination  of  the  following  two-parti¬ 
cle  propagator 

^  fr[  « (t)  )  H-%')  *V)]|^>  (2) 

where  *£  (  *€  )  and  4*  (  *f"  )  are  the  destruction  (creation) 
field  operators  for  the  electron  and  positron,  respecti¬ 
vely,  T  is  Wick’s  time  ordering  operator  (see  Ref.  [l] 
for  more  details)  and  l^f>  represents  the  target  sta¬ 
te  wave  function.  The  amplitude  in  (2)  describes  the 
f  ly  correlated  motion  of  a  positron-electron  pair  and, 
in  the  present  FT  formal  is,  it  is  the  quantity  in  terms 
of  which  the  annihilition  parameter  can  be  completely 
expressed . 

It  can  be  shown  that  the  K  apmlitudes,  in  (2), 
obeys  the  following  ( Be the-Salpeter )  equation 

K  =  A  &  +  &  £  (3) 

sir 

where  A  and  S  are  the  one-particle  propagators  for  the 
electron  and  the  positron,  respectively,  while  2  is  an 
"optical  potential"  of  the  theory,  completely  presiding 
over  elastic  scattering  processes  in  the  system.  The 
first  term  on  the  r.h.s.  of  (3)  (  A'  S)  represents  the 
lowest  order  (Hartree)  approximation  to  the  K  propaga¬ 


tor,  that  completely  neglects  correlation  effects  in  the 
motion  of  the  pair.  Correlation  effects  are  fully  con¬ 
tained  in  the  second  term  on  the  r.h.s.,  involving  the 
functional  derivate  of  the  optical  potential. 

Details  of  the  formalism  and  explicit  numerical  ap¬ 
plications  to  the  e  -  H  system  will  be  illustrated  at 
the  Conference. 
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POSITRONIUM  FORMATION  IN  D-WAVE  POSITRON-HYDROGEN  SCATTERING 


C.J.  Brown  and  J.W.  Humberston 

Department  of  Physics  and  Astronomy,  University  College  London 


The  Kohn  variational  method  has  been  used 
to  calculate  the  d-wave  contribution  to  the 
elastic  scattering  and  positronium  formation 
cross-sections  for  positrons  in  collision  with 
hydrogen  atoms  in  the  Ore  gap  (the  energy 
interval  between  the  positronium  formation 
threshold,  6.8  eV,  and  the  threshold  for 
excitation  of  the  n  =  2  level  of  the  hydrogen 
atom,  10.2eV).  The  general  technique  and  form 
of  the  trial  function  is  very  similar  to  that 
used  by  the  present  authors  for  s  -  and  p-wave 
scattering  (Humberston  1982,  1984;  Brown  and 
Humberston  1984)  except  that  there  are  now 
short  range  correlation  terms  of  three  sym¬ 
metries.  Thus, 

(  r  ,5] 

Yl  *  Y2,o(?l)*H(r2)k!  j2  0‘ri>-K1t"2<kri)  [i-exp »ri>j 
l  7 

■  Y2,o^*Ps*r3*  *^1  (2ic)*n2(Kp)  j^l-exp(-up)j 

.  >.!j\ 

+  Y2.o<f2>  «i 

*2  -  Y2,o^P^*Ps(r3^2lC^  2  (Kp ) -Kei  n2(*p)  £l-«xp(-|lp)J 

‘  Y2,o(^lHH(r2)ki  K[2n2(krj)  [l-exp(-Xr,)J 

♦»2>)r?£di 


where  gj.  -  exp  (ar,  +  Br2  +  yr3)j  r]ki  r2li  r3mi 

The  nomenclature  is  the  same  as  that  used  previously 
and  the  suronation  over  i  for  each  symmetry  includes  all 
terms  with 

k^  +  +  m^  4  u 


where  ki ,  ij,  mi  and  w  are  non-negative  integers. 

Results  have  been  obtained  at  four  positron 
energies  corresponding  to  k  =  0.71,  0.75,  0.80 
and  0.85  (in  units  of  a”*)  for  a  sequence  of 
trial  functions  with  w  =  1,2,.,. ,6  (4,10,20,35, 
56  and  84  terms  of  each  symmetry).  From  the 
variation  of  the  results  with  respect  to  u  we 
can  be  reasonably  confident  that  the  cross- 
sections  given  in  the  tables  (with  u  *>  6),  have 


converged  to  within  10%  of  their  exact  values. 
However,  the  convergence  is  not  quite  as  rapid 
as  we  would  wish,  most  probably  because  the 
results  are  not  yet  fully  optimised  with  respect 
to  the  non-linear  parameters  in  the  trial 
functions . 

Also  given  in  the  tables  are  the  well 
converged  s-  and  p-wave  cross-sections  obtained 
by  the  present  authors.  The  present  p-wave 
results  are  slightly  different  from  those 
published  by  Brown  and  Humberston,  having  been 
obtained  with  an  improved  choice  of  values  of 
the  non-linear  parameters  which  gives  much  more 
rapid  covergence  with  respect  to  iu. 

One  of  us  (C.J.B.)  acknowledges  the  award  of 
a  SERC  Research  Studentship. 


Table  1  Elastic  scattering  cross-sections 


k(a;1) 

(in  units 

s-wave 

of  taj) 

p-wave 

d-wave 

0.71 

0.026 

1 

0.800 

0.32 

0.75 

0.043 

0.724 

0.41 

0.80 

0.065 

0.622 

0.42 

0.85 

0.086 

0.547 

0.41 

Table  2 

Positronium  formation 

cross-sections 

(in  units 

of  n  a2) 

0 

s-wave 

p-wave 

d-wave 

0.71 

0.0041 

0.027 

0.0006 

0.75 

0.0044 

0.365 

0.33 

0.80 

0.0049 

0.482 

0.81 

0.85 

0.0058 

0.561 

1.10 
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FLECTRON  CAPTURE  BY  INTERMEDIATE  ENERGY  POSITRONS  FROM  ALKALI  ATOMS 
J.  M.  Wadehra  and  Sultana  N.  Nadar 

Department  of  Physics,  Wayne  State  University,  Detroit,  Michigan  48202  USA 


Alkali  atoms  are  isoelectronic ,  in  the  valence 
shell,  with  the  hydrogen  atom  and  in  most  collision  pro¬ 
cesses  it  is  reasonably  accurate  to  treat  alkali  atoms 
as  being  hydrogenlike.  For  example,  the  cross  sections 
for  positronium  formation  in  alkali  atoms  can  be 
obtained  by  first  reducing  the  alkali  atom  to  a 
hydrogenlike  system  by  averaging  over  the  motion  of  the 
core  electrons.  The  valence  ns  electron  is  then  the 
only  possible  actively  transferring  electron.  However, 
unlike  hydrogen,  in  the  case  of  alkali  atoms  the  process 
of  positronium  formation  is  exoergic  since  the 
ionization  potential  of  all  alkali  atoms  is  smaller 
than  the  binding  energy  of  positronium  (6.8  eV).  The 
purpose  of  this  study  is  to  investigate  the  cross 
sections  for  positronium  formation  by  impact  of 
positrons  in  the  intermediate  energy  range  where  the 
Born  approximation  becomes  applicable. 

The  static  potential  of  the  ion  core,  as 
experienced  by  either  the  active  electron  or  the 


the  static  potential  is  replaced,  for  computational 
ease,  by  an  appropriately  chosen  pseudopotential.  The 
cross  sections  for  the  process  of  electron  transfer  in 
alkali  atoms  are  then  calculated  by  using  the  distorted 
wave  Born  approximation  (DWBA)  in  a  manner  similar  to 
its  use  for  atomic  hydrogen.^ 

Figure  1  shows  the  differential  cross  sections 
using  the  plane  wave  Born  approximation  for  positronium 
formation  in  Li  for  impact  energies  of  100  eV  and  200  eV. 
The  post-prior  discrepancy  for  this  rearrangement  process 
is  observed  to  be  small.  A  number  of  checks  on  the 
computer  code  have  been  made  to  ensure  its  correctness. 
The  deep  minimum  in  the  differential  cross  section, 
arising  due  to  the  cancellation  of  the  contributions  to 
the  scattering  amplitude  from  the  attractive  and 
repulsive  parts  of  the  positron-atom  interaction, 
appears  only  in  the  first  Born  calculations. 

Both  differential  and  total  cross  sections  for 
positronium  formation  in  heavier  alkali  atoms  (Na,  K, 


nrojectile  positron,  can  be  most  conveniently  obtained 
by  integration  over  the  core  electrons  using  the  wave 
functions  of  Li+(or  Na+  etc.).  In  some  calculations. 


Cs,  Rb)  have  also  been  obtained  using  the  DWBA. 
However,  for  computational  economy,  the  positron-atom 
interactions  for  these  alkali  atoms  have  been  replaced 

by  a  judicious  choice  of  pseudopotentials. 

This  research  has  been  supported  by  the  National 
Science  Foundation. 
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FIGURE  1  Differential  cross  sections  for  positronium 
formation  for  positron  Impact  energies  of 
100  eV  and  200  eV. 
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POSITRON-  AND  ELECTRON-ALKALI  (SODIUM  AND  POTASSIUM)  TOTAL  CROSS  SECTION  MEASUREMENTS* 


T.S.  Stein,  C.K.  Kwan ,  R.D.  Gomez,  Y.-F.  Hsieh,  W.E.  Kauppiia,  and  Y.J.  Wan 
Department  of  Physics  and  Astronomy,  Wayne  State  University,  Detroit,  Michigan  48202,  USA 


We  have  set  up  an  experimental  system  to  measure  ab¬ 
solute  total  scattering  cross  section  (Q^.)  values  for 
positrons  and  electrons  colliding  with  alkali  atoms  using 
a  beam  transmission  technique.  Prior  to  the  present  ex¬ 
periments,  Q^,  measurements  have  been  reported  in  the 
literature  for  positrons  colliding  with  only  room-temper¬ 
ature  gases  (the  inert  gases  and  various  molecules). 

Our  positrons  are  produced  by  an  ^C  source  created 
by  the  ^B(p,n)^C  reaction  using  a  4.75  MeV  proton  beam 
from  a  Van  de  Graaff  accelerator.  Low  energy  positrons 
emitted  by  the  ^*C  source  are  guided  by  a  curved  axial 
magnetic  field  to  our  alkali  scattering  apparatus  shown 
schematically  in  Fig.  1. 

We  have  recently  completed  measurements  of  e+-K  and 
e  -K  values^  and  have  now  measured  e  -Na  Q^.  values  in 
preparation  for  the  corresponding  measurements  with  posi¬ 
trons  in  the  same  apparatus  and  using  the  same  technique. 

Our  initial  e  -Na  Q_  measurements  are  shown  in  Fig.  2 

1  2-4  5 

along  with  other  experimental  and  theoretical  results. 


Energy  (eV) 


FIGURE  2  e  -Na  total  scattering  cross  sections. 


The  preliminary  indications  are  that  although  there  are 
considerable  differences  between  existing  experimental 
electron  results  for  both  Na  and  K,  we  are  observing 
some  consistent  patterns  in  these  measurements.  Our 

2 

measurements  and  those  of  Brode  tend  to  be  in  good 


agreement  at  low  energies  and  the  general  shapes  of 
Brode' s  QT  curves  are  quite  similar  to  ours  over  the 
entire  energy  range  of  overlap  for  both  Na  and  K, 
although  we  have  higher  values  than  Brode  at  the  higher 

energies.  Our  Q,^  curves  differ  in  shape  from  those  of 
3  1 

Kasdan  et  al.  ,  with  our  values  being  about  twice 
as  large  as  those  of  Kasdan  et  al.  at  low  energies,  but 
tending  to  merge  with  their  results  at  higher  energies. 

Comparisons  of  our  e+-K  and  e  -K  measurements 
indicate  an  overall  degree  of  similarity  between  positron 
and  electron  scattering  that  has  not  been  observed  for 
any  other  target  atoms  or  molecules. 

*This  work  supported  by  the  National  Science  Foundation. 
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Positronium  (Ps)  formation  in  collisions  between 
e*  and  H~  ions  is  an  especially  interesting  process 
since  it  is  exothermic  and  the  lowest  three  levels  of  Ps 
can  be  formed  even  at  zero  incident  energy.  In  addi¬ 
tion,  the  Coulomb  attraction  between  the  initial  parti¬ 
cles  gives  a  formation  rate  that  increases  like  1/v  as 
the  incident  energy  decreases.  Because  of  this  attrac¬ 
tion,  many  partial  waves  must  be  retained  in  the  calcu¬ 
lation  even  at  zero  energy. 


We  have  begun  a  program  to  compute  the  cross- 
sections  for  formation  into  all  the  open  Ps  channels  at 
very  low  energy,  using  a  series  of  Increasingly  accurate 
approximations.  These  are  based  on  the  two-state  trial 
funct ion 

V  -  F(x)t(rj,r2)  +  GCitjHtpjHCrp  +  G(tf2H(p2H(r  , 

where  *  is  the  H~  wave  function,  $  and  4*  represent  Ps 
and  H  respectively,  and  F  and  G  are  the  wave  functions 
of  the  incident  e+  and  the  outgoing  Ps  center  of  mass. 


In  the  simplest  approximation,  the  incident  e+ 
moves  in  a  pure  Coulomb  potential,  giving  rise  at  zero 
energy  to  Bessel  functions  for  the  partial-wave  compo¬ 
nents  of  F: 


Vx)  J2L+1</8x)’ 


and  the  outgoing  Ps  atom  is  in  a  plane  wave  state; 
exchange  is  neglected  in  the  final  state.  This  Coulomb- 
Born  approximation  has  been  shown  to  give  partial  cross- 
sections  in  serious  violation  of  the  unitarity  limits. 
In  the  next  approximation,  the  e+  moves  in  the  more 
realistic  potential  of  the  frozen  H“  ion,  which  is 
repulsive  at  short  distances  but  attractive  at  large. 
Our  preliminary  result  for  s-waves  is  much  more  reason¬ 
able: 


a 

o 


0.15 


*a 

o 


More  complete  results  in  this  approximation  will  be 
reported  at  the  Conference. 


We  expect  eventually  to  solve  the  coupled  equations 
resulting  from  the  two-state  trial  function  above,  but 
in  the  meantime  an  estimate  of  the  plausibility  of  this 
result  can  be  obtained  using  a  complex  quantum-defect 
method*.  To  do  this,  we  relate  the  cross-section  to  the 
parameters  of  the  Rydberg  resonances  in  the  Ps  +  H  sys- 
tern  .  These  resonances  are  produced  by  the  coupling  of 
the  Ps  +■  H  open  channel  to  the  e+H~  Coulomb  bound  states 
of  the  closed  channel.  If  we  represent  the  complex 
energies  of  these  bound  states  in  terms  of  quantum  de¬ 
fects  we  can  write 

E(NL)  -  E( res)  -  i-L-  -  E(H') - 1 -  ,  , 

(N  -  us> 

where  p  is  the  quantum  defect  and  is  expected  to  vary 
slowly  with  N.  Using  the  relation*  for  the  phase  shift 
6  ■  Tip  we  can  get  an  estimate  for  the  complex  phase 
shift  just  above  threshold  in  the  e*  +  H”  channel,  and 
from  that  can  derive  a  value  for  the  Ps  formation  cross- 
section.  The  best  values  for  the  position  and  width  of 

2 

the  lowest  s-wave  resonance  are  those  of  Ho  : 

F.(res)  — 1.205  Ry  and  T*( 5.5i  1  .8)xlO'3  Ry. 

From  these  we  derive  the  result 

_  _  0.26  ±  .08  _  _  2 

o  ,2  o 

k 

where  we  have  assumed  that  the  quantum  defect  is  actual¬ 
ly  Independent  of  N.  This  estimate  is  fairly  consistent 
with  our  distorted-wave  result,  and  gives  us  some  confi¬ 
dence  In  the  reasonableness  of  that  approximation. 
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PARTIAL  CROSS  SECTIONS  FOR  POSITRON  SCATTERING  FROM  HELIUM 
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*  Center  for  Positron  Studies,  Department  of  Physics.  University  of  Texas  at 
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There  has  been  considerable  recent  activity  in  the 
measurement  of  inelastic  cross  sections  for  positrons 
scattered  from  helium.  Total  positronium  formation 
cross  sections,  Q-  ,  have  been  reported  by  both  the 
Texas1’3  and  the  university  College  London^  group. 

Diana  et  al.  and  Sueoka3  have  reported  total  ioniza¬ 
tion  cross  sections,  Q ^ Q n ,  and  Coleman  and  Hutton0  and 
Sueoka3  have  measured  cross  sections  for  the  excitation 
to  the  2^c  state.  In  addition  Coleman  et  al ?  have 
published  cross  sections  for  excitation  plus  ionization 
for  positrons  scattered  into  a  forward  cone  of  6C° 
hal f-angle . 

However,  total  excitation  cross  sections,  Qex, 
have  yet  to  be  measured,  and  it  is  for  this  reason,  in 
part,  that  a  partitioning  of  the  total  cross  section, 
Qtot,  is  of  interest. 

The  result  is  snown  in  Figure  1.  Tne  curve 
is  a  smoothed  rendition  of  the  available  data.0  Qgl 
is  extrapolated  from  below  the  first  inelastic 
threshold  to  meet  calculated  values  at  about  150eV  and 
above.  It  is  unlikely  that  this  Qel  is  in  error  by 
more  than  10%;  therefore,  since  Qgj  is  s„ch  a  small 
part  of  Qtot  between  25  and  250eV,  the  consequent 
uncertainty  in  the  total  inelastic  cross  section 
should  not  exceed  a  few  percent.  Qps  is  a  smooth 


POSITRON  ENERGY  (»V) 


FIGURE  1  Partial  cross  sections  for  positron-helium 
scattering.  See  text  for  discussion. 

curve  through  the  data  of  reference  1  and  a  curve  to 
guide  the  eye  through  the  plotted  data  from  reference  2. 


Similarly,  the  dashed  curve  serves  as  a  guide  through 
the  Q.Qn  values  from  reference  4.  This  curve  indicates 
that  expectations  for  Qgx  are  about  0.08rao^  at  about 
lOOeV  increasing  to  about  0.17ma  ^  in  the  neighborhood 

C  ^ 

of  ?00eV.  Sueoka3  finds  Q  to  be  approximately 
7  ex 

0.065-ag  at  lOOeV..  Sueoka's  values  for  Q^on.  which 
agree  within  experimental  uncertainty  with  those 
obtained  for  electron  scattering,  if  used  in  this  way, 

2 

would  predict  Qex  ranging  from  about  0.37  to  0.45-aQ 
between  GO  and  lOOeV. 
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IONISATION  OF  HELIUM  BY  POSITRON  IMPACT 

0.  Fromme,  W.  Raith  and  6.  Sinapius 

Fakultat  fur  Physik,  Umversitat  Bielefeld,  0 -4800  Bielefeld,  Fed.  Rep.  of  Germany 


Ionisation  of  helium  by  positron  impact  may  be 
accomplished  by  two  processes:  ionisation  by 


section  oft  )  and  ionisation  without  simultaneous 
Ps 

positronium  formation  (threshold  E  *  24.6  eV;  cross 

ion 

section  o  ).  Knowledge  of  both  oe  and  o  is 
ion  Ps  ion 

necessary  -  in  addition  to  the  elastic  (o  ,)  and  the 

el 

excitation  (o  )  cross  sections  -  for  partitioning  the 


For  measurements  of  o  those  ions  are  counted 
ion 

reaching  detector  2  with  an  appropriate  delay  after 
detection  of  a  positron  by  detector  1 .  The  time-delay 
spectrum  is  analysed  using  a  time- to-amplitude  converter 
and  a  multichannel  analyser.  For  measurements  of 


and  for  detailed  comparisons  with  electron  cross 
sections.  However,  for  both  cross  sections  there  is 
only  insufficient  information  available  up  to  now: 
Measurements  were  performed  for  restricted  energy  ranges 

only.  Positronium  formation  cross  sections  were 

t .  2 

measured  by  two  groups  '  with  essentially  different 

results.  The  first  measurements  of  o  +o  were 

3  ex  ion 

performed  by  Coleman  et  al  and  actually  are 

differential  cross  sections  integrated  from  0°  to  60°. 
The  results  of  Sueoka*  agree  with  measurements  for 

5 

ionisation  of  helium  by  electron  impact  ,  except  for  the 
lowest  energies  above  threshold. 
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FIGURE  1  Schematic  diagram  of  the  apparatus. 


We  built  up  an  apparatus  which  enables  measuring  of 

both,  o_  and  o  To  our  knowledge  this  is  the  first 

Ps  ion 

experimental  set-up  allowing  detection  of  the  ions 
produced  by  positron  impact.  The  whole  apparatus  is 
surrounded  by  coils  providing  a  longitudinal  magnetic 

field  of  up  to  200  G.  Positrons  are  emitted  by  a 
2  2 

Na-source  and  moderated  by  an  annealed  tungsten  foil 
installed  obliquely  in  front  of  the  source.  Slow 
positrons  are  accelerated  towards  the  scattering  tube. 
The  scattering  tube  consists  of  a  50  cm  long  narrow 
glass  tube  lined  with  a  spiral  of  tungsten  wire  on  the 
inside.  The  tungsten  spiral  serves  two  purposes:  It 
defines  the  potential  of  the  scattering  tube  and.  by 
feeding  a  direct  current  through  the  wire,  it  maintains 
a  longitudinal  electric  field  inside  the  tube  to  extract 
the  ions  produced  m  e  -He  collisions.  Gas  is 
continuously  supplied  through  two  holes  in  the  middle  of 
the  tube  and  pumped  at  both  ends.  Behind  the  scattering 
tube  the  charged  particles  are  accelerated  towards  the 
microchan  lel  plate  detectors.  Positrons  and  ions  are 
separated  by  a  crossed  electric  and  magnetic  field 
(ExB)  analyser  and  reach  detectors  1  and  2. 
respectively.  The  velocities  of  positrons  and  ions 
differ  substantially  because  of  their  different  masses. 


The  construction  of  the  apparatus  was  finished 

recently.  First  measurements  of  helium-ion  production 

6 

rates  were  performed  in  the  o  -mode  .  They  indicate 

ion 

an  energy  dependence  slightly  different  from  electron 
ionisation  cross  sections5.  At  present  various  tests 
are  performed  in  order  to  learn  about  possible 
systematic  errors. 
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POSITRON  EXCITATION  OF  THE  2‘ P  STATE  OF  HELIUM 


R.P.  McEachran,*  L.A.  Parcell+  and  A.D.  Stauffer 
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+  School  of  Mathematics  and  Physics,  Macquarie  University,  North  Ryde,  N.S.W.  2113,  Australia 

We  present  results  for  differential  and  total 
cross  sections  for  the  excitation  of  the  21 P  state 
of  helium  by  positron  impact.  We  use  a  distorted 
wave  approximation  similar  to  that  employed  in  our 
earlier  calculation  of  the  excitation  of  the  21 S 
state. 1 

In  the  present  work  there  is  a  long  range 
contribution  to  the  T-matrix  and  we  discuss  some 
novel  numerical  methods  used  to  accurately  evaluate 
this  contribution. 

The  main  purpose  of  this  calculation  is  to 
provide  a  theoretical  analysis  of  some  recent 
experimental  measurements.^*3  Thus  we  examine  the 
angular  range  over  which  the  differential  cross 
section  has  an  appreciable  magnitude.  In  addition 
the  relative  magnitudes  for  excitation  of  the  2l S 
and  21 P  states  are  presented.  An  analysis  is  made 
of  the  various  contributions  to  the  experimentally 
measured  data. 
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A  RELIABLE  CALCULATION  FOR  2  S  EXCITATION  OF  HELIUM  ATOM  3Y  POSITRON  IMPACT 

Rajesh  Srivastava,  Mukesh  Kumar  and  A.U.Tripathi 
Department  of  Physics,  University  of  Roorkee,  Roorkee  247667,  India 


Theoretical  study  on  positron  impact 
excitation  (ionization)  has  become  of  consi¬ 
derable  importance  particularly  due  to  the 
availability  of  intense  positron  beam 
experiments!.  Among  the  atomic  excitation 
studies  by  positron,  helium  is  one  of 
species  which  has  been  widely  studied2-3. 

On  the  experimental  side,  Coleman  et  al® 
have  measured  the  total  excitation  cross-sec¬ 
tions  for  lls-2-^-S  of  helium  only  in  the 
near  threshold  region  (23-  29sV).  For  this 
excitation,  a  number  of  theoretical  attempts 
have  been  made.  Among  them  the  work  of 
Willis  et  al2  in  close-coupling  approximation 
and  Paroell  et  al3  and  Mandal  et  al4  in 
distorted  wave  approximation  are  worth 
mentioning.  Parcell  et  al  have  described 
the  distortion  in  both  the  channels  and 
included  the  polarization  in  final  channel 
whereas  Mandal  et  al4  have  used  a  version 
of  distorted  wave  in  which  the  incident 
channel  wave  function  satisfies  the 
adiabatic  equation. 


(Ref. 3);-  -  -  Mandal  et  al  (Ref.4);U 
Coleman  et  al  (Ref. 6).  J" 

Accurate  wavef unctions  of  the  many  parameter 
correlated  type5  are  employed  through  the 
introduction  of  Fourier  transform  of  inter¬ 
action  potential  and  consequent  follow  up  of 
a  fitting  procedure  to  obtain  a  suitable 
algebric  expression  for  the  transition  form 
factor . 

The  details  about  the  theoretical  pro¬ 
cedure  and  various  differential  and  total 
cross-section  results  would  be  presented  in 
the  conference.  In  table  I  as  well  as  in 
figure  1,  we  have  shown  some  of  our  results 
along  with  others.  Looking  the  success  of  our 
similar  approach*3  in  e--He  scattering,  we 
believe  the  present  results  to  be  quite 
reliable 

Table  I  Calculated  cross  section 
(*a2)  for  13S-23S 


One  observes  that  there  exists  reasonable 

Energy 

5cc 

5cc 

Mandal 

Parcell 

Present 

differences  among  the  different  results 
obtained  in  various  theoretical  models.  In 

eV 

(i) 

(ii) 

et  al 

et  al 

general,  it  has  been  found  that  there  are 
two  very  common  uncertainties  involved  in 

40 

5.94-2 

2.65-2 

3.81-2 

3.56-2 

3.41-2 

evaluating  the  cross-sections. 

60 

4.34-2 

3.69-2 

3.01-2 

— 

2.33-2 

(i)  The  adoption  of  a  theoretical  approxi- 

80 

3.29-2 

3.17-2 

2.41-2 

2.26-2 

2.35-2 

mation. 

100 

2.63-2 

2.68-2 

2.01-2 

1.89-2 

1.87-2 

(ii)  The  use  of  approximate  wave  function  of 

200 

1.28-2 

1.41-2 

1.07-2 

1.05-2 

1.10-2 

target  as  input  for  explicit  evaluation 
of  the  scattering  amplitude  (in  that 
particular  model) . 

We  have  carried  out  a  reliable  calculation  in 
the  distorted  wave  model  where  distortion 
effects  due  to  polarization  and  static  poten¬ 
tials  are  taken  in  both  the  ingoing  and  out¬ 
going  positron  distorted  waves.  The  polariza¬ 
tion  is  taken  in  dipole  approximation7. 
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INTERMEDIATE  ENERGY  POSITRON  (ELECTRON )-ARGON  DIFFERENTIAL  ELASTIC  SCATTERING  CROSS  SECTION  MEASUREMENTS* 


W-E.  Kauppila,  G.M.A.  Hyder,  M.S.  Dababneh**,  Y.-F.  Hsieh,  C.K.  Kuan,  and  T.S.  Stein 
Department  of  Physics  and  Astronomy,  Wayne  State  University,  Detroit,  Michigan  48202  USA 


Relative  differential  cross  sections  for  the 

elastic  scattering  of  intermediate  energy  positrons  (and 

electrons)  by  argon  atoms  are  being  measured  using  a 

crossed-beam  setup,  which  is  shown  In  Figure  1.  The 

origin  of  the  slow  positron  beam  (Intensity  >20, 000/sec 

at  100  eV  with  a  FWHM  of  about  1.5  eV)  is  a  50 

millicurie  sodium-22  radioactive  source  with  an  annealed 

tungsten  cylinder,  which  serves  as  a  back-scattering 

moderator  for  a  small  fraction  of  the  high  energy 

positrons  emerging  from  the  source.  The  atom  beam 

source  consists  of  a  multichannel  capillary  array.  In 

order  to  achieve  suitable  background  pressures  for 

operation  of  the  channeltron  detectors  for  the  primary 

beam  and  scattered  positrons,  differential  pumping  is 

used  for  the  scattering  and  detector  regions,  and  only 

one  exit  port  for  the  scattered  particles  is  open  at  a 

time.  The  retarding  element  preceding  detector  #2  is 

used  to  reject  any  inelastically  scattered  positrons, 

while  the  collimators  restrict  the  field  of  view  of 
o 

detector  #2  to  within  5  of  the  desired  scattering 

angle,  and  the  trap  (consisting  of  a  stack  of 

knife-edged  plates)  diminishes  the  reflection  of 

positrons  from  the  scattering  chamber  wall  into  detector 

02.  Detector  01  is  offset  from  the  primary  beam 

direction  so  that  it  will  not  respond  to  any  high  energy 

positrons  that  may  be  coming  directly  from  the  sodium-22 

source.  The  retarding  element  preceding  detector  01  is 

tuned  to  maximize  transmission  of  the  primary  beam 

through  the  scattering  chamber  and  to  slow  down  the 

positrons  prior  to  being  electrostatically  deflected 

toward  the  channeltron.  The  relative  nature  of  the 

measurements  made  for  the  different  scattering  angles  is 

achieved  by  maintaining  a  constant  "head"  pressure  on 

the  capillary  array  atom  source  (by  using  an  automatic 

pressure  controller)  and  compensating  for  any  changes  in 

the  primary  beam  intensity,  which  has  also  been  staying 

remarkably  constant.  Special  efforts  have  been  made  to 

minimize  stray  magnetic  fields.  Electron  measurements 

are  being  made  to  test  the  experimental  system,  since 

they  can  be  compared  with  other  measurements 

Our  Initial  differential  cross  section  measurements 

for  100  eV  positrons  elastically  scattering  from  argon 
o  o 

for  angles  ranging  from  30  to  120  are  displayed  in 

Figure  2  along  with  the  results  of  a  polarized-orbital 

approximation  calculation  by  Stauffer  and  McEachran. 

In  this  figure  the  present  measurements  are  normalized 
o 

to  the  theory  at  45  .  The  relative  shape  of  the 
present  results  are  in  good  agreement  with  the  theory. 


FIGURE  1  Experimental  setup. 
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Scattering  Angle  (degrees) 

FIGURE  2  Comparison  of  experimental  and  theoretical 
differential  cross  section  results  for  elastic 
scattering  of  100  eV  positrons  by  argon. 
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The  interaction  of  slow  positrons,  energy  less  than 
positronium  formation  threshold  in  noble  gases 
(H,  He,  Xe  and  Kr)  have  been  investigated  using  the 
recent  technique  developed  by  Ghosh  and  Co-workers. 
We  have  computed  the  positrqn-atom  momentum 
transfer  Cross-section  and  e  annihilation  cross- 
section  for  energies  varying  upto  positronium 
formation  threshold  (17.  8  ev  for  He,  6.  7  ev  for  H, 

7.  2  ev  for  Kr  and  5.  3  ev  for  Xe).  Only  elastic 
scattering  have  been  considered.  The  calculation 
have  been  further  used  to  estimate  the  positron 
life  time  in  gases.  We  have  compared  our  computed 
results  with  the  available  experimental  data.  The 
details  of  the  calculation  and  result  will  be  reported 
in  the  conference. 
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A  CALCULATION  OF  THE  LOWEST  PARTIAL  WAVE  IN  LOW  ENERGY  POSITRON  HYDROGEN  MOLECULE  SCATTERING 

E.A.G,  Armour 

Department  of  Mathematics,  University  of  Nottingham,  Nottingham  NG7  2RD,  England 


A  generalization  of  the  Kohn  method  is  applied  to 
the  calculation  of  an  approximation  to  the  lowest  partial 
wave  in  low  energy  positron  hydrogen  molecule  scattering. 
The  calculation  is  an  extension  of  work  already  carried 
out  on  this  subject';  an  account  has  been  submitted  for 
publ  icat  ion  ”  . 

The  nuclei  in  the  target  hydrogen  molecule  are 
taken  to  be  fixed  in  their  equilibrium  position  with 
internuclear  separation,  R  =  1 .4  bohr.  The  target 
wavefunct ion,  V  ,  is  taken  to  be  intermediate  in  accuracy 

between  the  SCF  wavefunct ion  and  the  very  accurate 

3 

wavefunct ion  of  Kolos  and  Roothaan  . 

The  trial  wavefunct  ion,  ¥  ,  in  the  generalized  Kohn 
method  is  a  generalization  of  the  wavefunct ion  used  by 

4 

Massey  and  Ridley  and  is  of  the  form 

«  y-  -Tisin{c(X3-l)}cos  t  +  cos { c  ( >  3-l)} 

1  V  A  3  -  1  J 


( 1-exp[-y(X  3-1)  ]  )sin  t  +  a[cos{c (X 3-1 ) }( 1-exp(-y(X 3-1  )1) 

M 

x  cos  t  —  sin{c(X?— 1)}sin  t)]H,_  +  Y  g-X;V  O) 

u  .  .  1  1  U 

1“  1 


N  and  y  are  constants  and  x,  a  and  {g.}  are  variable 
parameters.  Particles  1  and  2  are  the  electrons  in  the 
target  hydrogen  molecule  and  particle  3  is  the  incident 
positron 

c  =  JkR  (2) 

where  k  is  the  wavenumber  of  the  positron  in  atomic 
units.  X 3  and  the  associated  coordinate,  are  the 
confocal  elliptical  (prolate  spheroidal)  coordinates 


r3A+r3B 

Xs  =  R 

(3) 

r3A'r3B 
*  R 

(A) 

where  r».  and  are  the  distances  of  the  positron 
3A  3B 

from  nuclei  A  and  B,  respectively. 

The  (x£}  are  short-range  correlation  functions  to 
take  into  account  the  interaction  between  the  positron 
and  the  hydrogen  molecule. 

Xi  =  N  Mcos{c(X3-1)  }{ l-exp[-y(X3-1)  ]  }exp[-y(X3-0] 


a.b.c.d.  p.  b.a.d.c. 

X-  =  (Xx  X2  ui  P 2  IM13  cos(4>i-$3)  ]  +  *i  *2  Pi  P 2 


[ M2 3  cos(<+>2-03)  ]  )e 


—  3(Xi+X2)  r.  s  .  -3*3 

xNA^uj'e  i  >  1  (6) 


Mia  ■  [(xj-l) (Xj-1) (l-up (1-uf ) J!  (7) 

and  $1  is  the  azimuthal  angle  of  electron  1 .  a.,  b., 

1  6  1*  i* 

c.,  d..  p.,  r.  and  s.  are  non-negative  integers  chosen 
1  1  *1  1  1  + 

so  that  the  (x£)  have  the  E  symmetry  of  the  lowest 
partial  wave.  p£  was  taken  to  have  the  values  0  and  1. 
When  p.  =  1,  x£  contains  factors  like  Mi  3  cos (<J>i-$3) 
which  are  of  the  form 

4 

M13  cosUi-ita)  =  p-(xixa+yiya)  (8) 

in  terms  of  the  Cartesian  coordinates  with  origin  midway 
between  the  nuclei  and  Z  axis  along  the  internuclear 
axis.  Thus  when  p.  *  1,  x-  is  made  up  of  products  of  1 
particle  functions  of  o  and  tt  symmetry.  Up  to  64  short 
range  correlation  functions,  of  which  32  are  of 
electronic  symmetry,  are  used  in  the  calculation. 

The  parameter,  t,  in  "tj  is  varied  to  avoid  the 
anomalous  singularities^  which  can  affect  the  accuracy 
of  the  results  of  the  calculation.  The  parameters  a  and 
{g£}  are  determined  by  the  generalized  Kohn  method. 
Results  for  the  phase  shift  and  the  associated 
contribution  to  the  total  cross  section  are  presented 
and  compared  with  experiment  ^  .  The  contribution 
to  2e££»  the  effective  number  of  electrons  per  hydrogen 
molecule  available  to  the  positron  for  annihilation,  is 
also  calculated  and  compared  with  experiment  ^  . 
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A  CALCULATION  OF  THE  LOWEST  E  PARTIAL  WAVE  IN  LOW  ENERGY  POSITRON  HYDROGEN  MOLECULE  SCATTERING 

u 

E.A.G.  Armour  and  D.J.  Baker 

Department  of  Mathematics,  University  of  Nottingham,  Nottingham  NG7  2RD,  England 


The  general izat ion  of  the  Kohn  method,  which  has 
previously  been  applied  to  the  calculation  of  an 
approximation  to  the  lowest  (£+)  partial  wave**2,  is 
applied  to  the  calculation  of  an  approximation  to  the 
lowest  partial  wave  of  £*  symmetry. 

The  nuclei  in  the  target  hydrogen  molecule  are 
taken  to  be  fixed  in  their  equilibrium  position  with 
internuclear  separation,  R*1.4  bohr.  The  target  wave- 
function,  used  in  the  calculation  is  intermediate  in 
accuracy  between  the  SCF  wavefunction  and  the  very 
accurate  wavefunction  of  Kotos  and  Roothaan  . 

The  trial  wavefunction,  Y^,  in  the  generalized  Kohn 
method  is  taken  to  be  of  the  form 

-  N  (.  !  (X  3  )  cos  x  +  513(^3)0  -exp  [-■y(X3"0])x  sin  t 
+  a [82  (*3)  ( 1-exp[-y(X3-0  ])cos  t  -  8j(X3>sin  x]  J 


*Pi(W3)H ' 


£  8ixi'i*G 

i=1 


N  and  y  are  constants  and  i,  a  and  { }  are  variable 
parameters.  Particles  1  and  2  are  the  electrons  in  the 
target  hydrogen  molecule  and  particle  3  is  the  incident 
rositron 

c  =  JkR  (2) 

where  k  is  the  wave  number  of  the  positron  in  atomic 
units.  X3  and  p3  are  the  confocal  elliptical  (prolate 
spheroidal)  coordinates. 


where  r_A  and  r..0  are  the  distances  of  the  positron  from 
3A  jd 

nuclei  A  and  B,  respectively . 

The  functions,  8i(X3>  and  O2U3),  are  chosen  so  that 
is  regular  at  A 3  =  1  and 

¥_  ~  Ntn;u3)  +  a!i5(A3)]P1(p3)H'  O) 


S5J(A3)  -  cos  T  tJi(Aj)  +  sin  t  n2(Xj)  (6 

tiJ(X3)  -  -  sin  t  <X 3 )  +  cos  t  !!2(A3)  (7 

has  the  asymptotic  form  appropriate  to  the  lowest 
partial  wave. 

The  (x.)  are  short-range  correlation  functions  to 
take  into  account  the  interaction  between  the  positron 
and  the  hydrogen  molecule 

Xi  •  Nn2(A3KI-exp(-y(Aj-1)I)exp(-Y(A,'0( 

« Pl(pi) 


The  remaining  { x . J  are  of  the  same  form  as  in  the 
previous  calculation  except  that  the  indices  are 
chosen  so  that  the  functions  are  of  I*  symmetry.  A 
similar  number  of  short  range  correlation  functions,  of 
both  E+  and  H  electronic  symmetries,  are  used  as  in  the 
previous  calculation. 

The  parameter,  t,  in  is  once  again  used  to 
avoid  anomalous  singularities4  and  the  parameters  a  and 
{g^}  determined  by  the  generalized  Kohn  method.  The 
results  for  the  phase  shift  and  associated  contribution 
to  the  total  cross  section  enable  a  more  realistic 
comparison  to  be  made  with  experiment  ^  than  was  possible 

2 

earlier  .  The  contribution  to  Z  ce,  the  effective 

ef  f 

number  of  electrons  per  hydrogen  molecule  available  to 
the  positron  for  annihilat ion,  is  also  calculated  to  see 
if  it  becomes  significant  in  the  energy  range  below  the 
positronium  formation  threshold  at  8.63  eV. 

It  is  also  hoped  to  include  results  for  cross 
sections  for  rotational  excitation  and  de-excitation 
obtained  using  both  the  calculated  Z^  and  Z ^  wave- 
functions  and  the  method  of  Ficocelli  Varracchio 
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POSITRON  AND  ELECTRON  TOTAL  CROSS-SECTION  MEASUREMENTS  FOR  MOLECULAR  OXYGEN 
C.K.  Kwan,  Y.-F.  Hsieh,  W.E.  Kauppila,  Steven  J.  Smith,  and  T.S.  Stein 
Department  of  Physics  and  Astronomy,  Wayne  State  University,  Detroit,  Michigan  48202  USA 


Total  cross-sections  have  been  measured  for 

positrons  and  electrons  scattered  by  0  in  the  range 

2 

of  1-500  eV  using  a  transmission  technique.  Positrons 

are  produced  by  bombarding  a  boron  target  with  a  4.75 

MeV  proton  beam  from  a  Van  de  Graaff  accelerator. 
-6 

Approximately  10  of  the  '‘fast"  positrons  produced 
are  moderated  in  the  target  itself  and  the  energy  width 
of  the  positron  beam  is  about  0.1  eV.  The  electron  beam 
is  produced  by  thermionic  means  and  has  an  energy  width 
typically  of  0.15  eV. 

The  total  cross-sections  are  deduced  from  the 
attenuation  of  the  transmitted  beam,  the  target  gas 
pressure  and  the  length  of  the  scattering  region.  The 
gas  pressure  is  measured  by  a  capacitance  manometer. 
For  every  energy,  the  total  cross-section  is  measured  in 
at  least  six  runs  with  varying  target  gas  pressures. 
The  experimental  errors,  excluding  the  effect  of  small 
angle  scattering,  is  estimated  to  be  6%  for  positrons 
and  5 %  for  electrons. 

Fig.  1  shows  the  present  results  for  positrons  and 

electrons  scattered  by  0  .  The  electron  measurements 
2 

are  shown  along  with  the  measurements  of  Sunshine  et 
l  2 

al.  and  Dalba  et  al.  The  positron  data  are  shown 

3,4 

along  with  the  measurements  of  Charlton  et  al.  and 
Coleman  et  al.  .  An  overall  observation  is  that 
electron  total  cross-sections  are  everywhere  larger  than 
the  positron  cross-sections  reflecting  the  absence  of  an 
exchange  interaction  for  positron  scattering  and  the 
fact  that  static  and  polarization  potentials  have 
opposite  signs  resulting  in  an  overall  weaker 
interaction  for  positrons  than  for  electrons.  Another 
feature  in  the  comparison  between  positron  and  electron 
total  cross-sections  is  a  tendency  for  merging  of  the 
cross-section  curves  at  higher  energies  due  to  the  fact 
that  at  these  energies  the  static  interaction  is  the 
dominant  interaction. 

The  present  positron  results  are  in  quite  good 

3, 4 

agreement  with  the  measurements  of  Charlton  et  al. 
although  some  of  the  features  between  8  and  13  eV 
mentioned  by  the  latter  authors  are  not  evident  from  our 
measurements.  We  also  observe  no  significant  rise  in 
the  total  cross-sections  in  the  vicinity  of  the 
positronlum  formation  threshhold .  The  present  electron 
total  cross-section  results  are  about  20%  larger  than 
those  of  Sunshine  et  al.  from  12  to  100  eV.  We  are 
unable  to  confirm  the  "bump"  of  the  electron  total 
cross-sections  between  11  and  13  eV  observed  by  earlier 
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FIGURE  1  Comparison  of  positron  and  electron  total 
cross-sections  for  molecular  oxygen. 


authors.  Our  present  results,  however,  agree 

2 

remarkably  well  with  those  of  Dalba  et  al.  where  the 
energies  overlap. 

This  work  is  supported  by  the  National  Science 
Foundation  under  Grant  No.  PHY  83-11705. 
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POSITRON  SCATTERING  BY  NITROGEN  MOLECULE 
N.  Bhattacharya  and  D.N.  Tripathi 

Dept,  of  Physics,  Banaras  Hindu  University  VARANASI  -  221005  (INDIA) 


Theoretically  calculated  total  cross  sections  for  the 
positron  scattering  by  nitrogen  molecule  {  li^g)  vis-a-vis 
experimentally  determined  values  are  far^from  satisfactory. 
Hence  the  present  study.  The  earlier  work  has  been  exten¬ 
ded  with  the  following  objectives;  1.  to  explain  the  obser 
ved  total  scattering  cross  sections  in  the  entire  energy 
range,  2.  to  emphasize  the  fact  that  in  the  close  coupling 
approach  with  the  integral  equation  algorithm  the  value  of 

r  .  (i.e.  the  lower  limit  of  the  integration)  is  very  sen- 

min 

sitive  to  the  total  cross  section  (but  not  the  rotational 
excitation)  and  hence  is  important  in  determining  its  value, 
3.  lastly,  to  point  out  the  discrepancies  between  the  pre¬ 
sent  and  the  previously  reported  theoretical  studies  in  so 
far  giving  values  of  various  cross  sections  (rotational 
excitation  etc.)  and  hence  the  need  of  the  experimental 
measurements . 

Interaction  potential  has  been  improved  over  the  one 
used  earlier  by  accurate  calculation  of  polarization  poten¬ 
tial  using  the  Hartree-Fock  SCF  wave  functions  for  N~-mole- 
cule.  In  addition  it  contains  the  static  component.  The  sin 
gularity  of  the  interaction  potential  appearing  at  the  ori¬ 
gin  has  been  avoided  by  taking  the  solution  of  the  scatter¬ 
ing  equation  to  be  zero  out  to  the  point  r  .  ,  a  pant  deter¬ 
mined  by  the  requirement  that  the  interactTon  potential  is 
equal  or  greater  than  the  kinetic  energy  of  the  impinging 
positron.  This  is  the  value  taken  for  the  lower  limit  of  the 
integration  and,  naturally,  it  varies  with  the  incident  ener 
gy.  The  possibility  of  the  annihilation  or  positroniuir.  for¬ 
mation  has  not  been  included. 


The  reported  results  of  the  total  scattering  cross  se 
tions  (Table)  are  in  excellent  agreement  with  the  experime 
tally  measured  cross  sections  in  the  entire  energy  range. 
Therefore,  it  can  be  safely  concluded  that  the  positronium 
formation  cross  section  has  no  marked  influence  at  least 
over  the  total  scattering  cross  sections.  It  is  found  to  be 
sensitive  with  the  values  of  r  .  (the  respective  values  of 

r  are  given  in  the  table).  Rotational  excitation  cross 
mm  6 

sections  for  the  0-^->2  and  0  -*  4  transitions  are  also  re¬ 

ported  (Table)  which  are  in  disagreement  with  the  previous¬ 
ly  reported  results.  However,  on  the  basis  of  the  good  agree 
ment  between  the  observed  and  the  present  values  of  total 
cross  section,  it  is  contended  that  the  reported  rotational 
excitation  cross  sections  are  reliable.  Various  other  cross 
sections,  in  addition,  viz;  differential,  momentum  transfer 
cross  sections  etc.  are  also  calculated  but  are  not  repor¬ 
ted  in  the  absence  of  any  comparable  experimental  results. 
Finally,  it  is  concluded  that  in  order  to  resolve  the  exis£ 
ing  discrepancies  and  clarify  the  collision  dynamics  the  ex 
perimental  determination  ol  the  differential  cross  sections 
is  essent ial . 

ACKNOWLEDGEMENT:  We  are  grateful  to  Prof.  D.K .  Rai  for  his 
fruitful  discussions  and  encouragements  during  the  course 
of  this  work. 


Inc.  Energy  (eV) 

Total  Cross 
Present 

Section  (a  ) 

Expt .  0 

Rot.  Excit. 
0  2 

Cross  Section  (a  ) 
0  4° 

0.1 

83.9 

— 

0.24 

0.16  (-5) 

1 .0 

11.4 

a)  13.2 

0.30 

3.10  (-3) 

4.0 

9.3 

a )  11.4 

0.21 

8.10  (-5) 

10.0 

18.5 

b)  12.4 
a)  16.0 

0.2b 

3.07  (-4) 

100.0 

23.8 

b)  17.6 
a)  23.2 

0.  J8 

1.41  (-3) 

a).  Reference  2b,  b).  Reference  2c,  (-5)  means  10 
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A  HYPERSPHERICAL  STUDY  OF  THE  POSITRONIUM  NEGATIVE  ION 

J.  Botero  and  C.  H.  Greene 

Department  of  Physics  and  Astronomy,  Louisiana  S:ate  University,  Baton  Rouge,  LA  70803-4001 


In  order  to  investigate  the  quasiseparability  of 
the  few-particle  wave  function  in  hyperspherical 
coordinates1,  and  in  particular  its  dependence  on  the 
particle  masses,  we  have  treated  the  positronium 
negative  ion  (e+e"e")  adiabatically2  using  these 
coordinates.  The  fact  that  the  center  of  mass  of  the 
system  does  not  coincide  with  the  position  of  any  of 
the  particles  makes  a  major  difference  in  the 
structure  of  the  wave  function  and  in  the  treatment  of 
the  problem. 

We  describe  the  three-particle  configuration 
space  in  terms  of  symmetric  Jacobi  coordinates  which 
in  turn  are  replaced  by  hyperspherical  coordinates: 

8  -  [r2  +  (yr2)2]1/2  ,  a  =  tan~l(rr2/rl )  , 

where  rj  is  the  electron-electron  separation  and  r2  is 
the  distance  from  the  positron  to  the  center  of  mass 
of  the  electron  pair.  The  factor  y=(3/4)^2is  needed 
to  make  R2  the  total  moment  of  inertia. 

The  adiabatic  treatment2  consists  of  finding 
eigenvalue  U^R)  and  eigenstates  ^(RjQ)  of  the 
Hamiltonian  at  fixed  R,  and  approximating  the  total 
wave  function  by  the  product  of  a  radial  function 
F R )  and  the  ^(R.Q)  obtained  before.  In  this  work 
we  have  solved  for  the  <5  variational ly,  expanding  it 
in  a  nonorthogonal  basis  of  hydrogenic  wavefunctions 
of  positronium.  The  ls,2s,2p  and  3s  basis  functions 
were  used.  Solution  of  the  radial  equation  gave  then 
a  lower  and  upper  bound  on  the  ground  state  energy. 

Our  first  results  give  an  upper  bound  of  Eu=-0.2597 
and  a  lower  bound  Ej=  -0.2646,  which  bracket  the  best 
calculated  value  Eexact=-0.2620  (in  atomic  units). ^ 

Figures  1  and  2  show  the  lowest  two  1Se  adiabatic 
potential  curves  of  the  positronium  negative  ion.  We 
conclude  that  the  effect  of  the  different  reduced  mass 
of  the  electrons  with  respect  to  the  positive  charge 
In  Ps"  and  H"  is  simple:  to  a  good  approximation  all 
distances  are  doubled  and  all  energies  are  halved  in 
the  ground  and  first  excited  states  of  Ps". 

This  work  was  supported  in  part  by  the  National 
Science  Foundation.  J.  B.  was  also  supported  by  the 
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support  in  the  form  of  an  Alfred  P.  Sloan  Foundation 
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COLL  IONS  OF  e  UITH  Ps 


M.  A.  Abdel  -Raouf 

Achalm  StraBe  13,  7406  Mossingen,  West -Germany 


The  fact  that  Ps+  and  Ps”  are  two  stable  ions 
with  ground-state  energies^  equal  to  -0.5024  Ryd. 
raises  the  questions  about  their  elastic  and 
inelastic  (if  it  exists)  scattering  by  electrons 
and  positrons,  respectively,  as  well  as  their 
dissociation  into  two  positronium  atoms  or  one 
positronium  atom  and  two  (or  three)  photons  in 
various  scattering  problems.  In  this  work  we 
restrict  ourselves  to  the  investigation  of  the 
S-wave  elastic  scattering  of  e lec t ron s (p osi t r on s ) 
by  the  positronium  posi ti ve(negati ve)  ions.  The 
ca 1 cu 1  a t i on s  are  carried  out  by  virtue  of  a 
1  east-squares  variational  method^.  We  are  intend¬ 
ed  to  evaluate  the  scattering  phase  shifts  for 
a  wide  region  of  incident  energies,  0  <  k^<  0.51 
where  k  is  the  wave  number  of  the  projectile, 
and  we  hope  that  the  used  method,  which  is  almost 
anomaly  free,  could  provide  us  with  some  indica¬ 
tions  about  resonances  or  the  existence  of  higher 
bound-states  of  the  targets. 

Let  us  assume  that  1,2  be  the  two  identical 
particles  of  each  ion,  a  being  its  third  partic¬ 
le  and  b  refers  to  the  incident  projectile. 

Let  us  also  assume  that  a  is  fixed  and  r ^ 
does  not  play  any  role  in  the  tarqet.  wave  func¬ 
tion.  Therefore,  we  may  write  the  total  wave 
function  in  the  form 


f  =  ($T<Sj,tj)  +  $T(s?,t2))  ’v>(krab) 


+  $ 


S  J  Ci  Xi 


(1 ) 


where  represents  the  ground-state  of  the 
considered  ion  to  be  chosen  in  the  Hylleraas1 
f  orm 


<t_  (  s  ,  t  )  =  e's/2cosh(0.  33t/2  )  ,  t  -  -0.  90  1  3  33yd . 
1  1  (?) 


The  fuctions  and  X|  drc  expressed  by 


s  -  Ot  (  S  1  +  s  p  ) 


{ c  o  s  h  ( ft  ( t  -  -  +  cosh i y( s 


(3) 


and  Xl  -  (s”l  tPi  tf *  4  s"i  tPi) 

(4) 

The  scattering  wave  function  0(kr  ,  )  is  defined 

a  o 

by 

■j,  -  s  l  n  (  k  v  -  nc  )  ‘  t.in  (  no )  (  l-*'"aV)cos(kv-ri(i) 

C>) 

where  s^,  t.,  v  are  Hy 1 le raa s 1 vec t or s  satisfy 
the  relations 

s.  =  r.  ♦  r..  ,  t,  =  r.  -  r..,  v  -  r  .  (6<t) 

l  ia  lb  ’  i  ia  ib?  ab 


+  V  <  S._<  oo  ,  -V  <  t.<  +V,  0  <  V  <  «,  (6b) 

The  parameters  a,  S,  y  ,  Cj,  tan(gQ)  are  var¬ 
iational  parameters,  is  the  S-wave  phase 
shift  and  nc  is  the*  Coulomb  phase  shift. 

The  total  Hamiltonian  H,  is  expanded  by 

H  =  H ,  +  H_  +  H  +  H.  4  V  ,  (7) 

l  c  a  b 

where  H . 1 s  given  by 


H.  : 


:77"v 


(Sj-  t-) 

44s.  V 
i  as] 

4  ,  ,  2  2XR" 

~z  “  >77 

( s  -  t  )  3s 


4ti  3t i 


(v‘  -  t‘  ) 


3t2 


<u  -  tf)- 


=  1,2 

3? 


at" 


v 


4s 


a  3s . 


-  4 1 


+  cos(e2..,v,%- 
a 

1_}JL 

3t  *3v  ’ 
a 

is  obtained  from 


4? (cos ( 9 , 

j  a  ,  v 


+  2 ( cos ( 0 . 

1  a  ,  v 

)-c■os(e?o,v), 


) 


Hd  by  replacing  a  with  b, 

— ,  an  d 
v 


\r  r]„4  r?.,’  sb  =  rib4  r?b-  V  ria‘  r2a- 

V  rlt>-  r?b- 

Oefininq  the  set  of  projections 

<  x.j |H  -  C|y  >  =  Pj  , 

<  X0|H  -  E|Y  >  -  P2  , 

and  <  x  j  !  33  -  t  I  Y  >  rPj>  1  - 1  , .  . .  ,  N 

vihere  y  .  and  y  arc  the  sin  and  cosin  parts 
of  V,  the  variational  parameters  can  be  deter 
mined  by  virtue  of  the  variational  principle 
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ACCURATE  CALCULATIONS  OF  THE  BOUND -STATES 
OF  THE  POSITRON  I UM  IONS  AND  MOLECULES 

M.  A.  Asdel-Raouf 

Achalm  StraRe  13.  7406  MBssingen.  West-Germany 

The  EXISTENCE  OF  A  BOUND-STATE  COMPOSING  OF  TWO  LATION  PROBABILITIES  OF  PS2  into  two  or  three 
POSIT  RON  I UM  ATOMS.  OR  A  POSITRONIUM  NEGATIVE  PHOTONS. 

(positive)  ion  and  a  positron  (electron),  i.e.  In  THIS  WORK  we  use.  for  the  first  time,  a  wave 

OF  TWO  ELECTRONS  AND  TWO  POSITRONS.  IS  INVESTI-  FUNCTION  WHICH  DEPENDS  ON  THE  RELATIVE  DISTANCES 

GATED.  The  ACCURATE  VARIATIONAL  ENERGIES  AND  BETWEEN  THE  SIMILAR  PARTICLES  OF  PSp  AND  ALLOWS 

VARIATIONAL  PICTURES  OF  THIS  QUANTUM  MECHANIC-  FOR  THE  EXISTENCE  OF  VARIOUS  SUBCLUSTERS  OF  THIS 

AL  SYSTEM,  THE  POSITRONIUM  MOLECULE  (USUALLY  MOLECULE. 

REFERRED  TO  AS  PSp).  ARE  OBTAINED  BY  EMPLOYING  The  TOTAL  HAMILTONIAN  OF  A  FOUR  BODY  SYSTEM  CAN 

A  LARGE  NUMBER  OF  VECTORS.  DEPENDING  ON  ALL  BE  WRITTEN  AS 

RELATIVE  COORDINATES  OF  THE  FOUR  PARTICLES.  FOR  4  111  g2  23.  eiej 

CONSTRUCTING  A  TRIAL  EXPANSION  SPACE  IN  WHICH  H  ~  i  <  j  ^  "  2  *mj  +  mj^gr2.  +  rij  3l"ij  +  rij 

THE  PREVIOUSLY  MENTIONED  THREE  SUBCLUSTF.RS  ARE  ,,  1J  ? 

1  d 

REPRESENTED.  THl  RESULTANT  VARIATIONAL  PICTURES  -  Z  (- - )  COS(0..  ..  )  -g- - 57 - 

17j,k;j<k  ml  1J,1K  drijdrlk 

ARE  USED  FOR  CALCULATING  THE  ANNIHILATION  PRO- 

:ABILITILS  OF  PSp  INTO  TWO  (OR  THREE)  PHOTONS  WHERE  e,  n  AND  r.  REFER  TO  THE  CHARGES.  MASSE! 

AND  ONE  POSITRONIUM  ATOMS.  AS  WELL  AS  THE  EVA-  AND  RELATIVE  COORDINATES  OF  THE  PARTICLES. 

LUAT'ON  OF  THE  EXPECTATION  VALUES  OF  SOME  AS-  CONSIDERING  THAT  i=j=l,2  DENOTE  THE  ARGUMENTS 

SOCIATFD  OPERATORS.  THE  NEGATIVE  PARTICLES.  IT  IS  EASY  TO  SHOW  THl 

THE  USE  OF  ARBITRARY  MASSES  IN  THE  COMPUTING  H  CAN  BE  RC0UCED.  AT  e^2,  m i=l . 4, 

PROGRAMM  ENABLES  US  TO  INVESTIGATE  OTHER  FOUR  TIJ_ 

BODY  SYSTEMS.  LIKE  e  u  e  U  AND  eueu.lN  H  .  H  t  (2) 

ORDER  TO  LOCALIZE  THE  EXACT  GROUND  STATES  OF  WHERE  Hhyd  IS  THE  HAMILTONIAN  OF  THE  HYDROGEN 

PS'.  PS*  AND  PS,  WITHIN  ARBITRARY  MARROW  GAPS.  MOLECULE  AND  H*  15  A  KINETIC  ENERGY  OPERATOR 

the  Temple  formula  is  used  for  determining  ef-  depends  on  m3  and  m4  and  vanishes  when  these 

FECTIVE  LOWER  BOUNDS  TO  THE  BOUND-STATES  OF  MASSES  ARE  INFINITE. 

THESE  SYSTEMS.  ThE  RESULTS  PROVIDE  US  WITH  EXT-  T0T  al  WAVE  FUNCTION  IS  CHOSEN  IN  THE  FORM 

REMELY  VALUABLE  INFORMATIONS  ABOUT  THE  EXISTEN-  ,  „ 

y  _  £  C  Y  (3) 

CE  (OR  ABSENCE)  OF  THE  HIGHER  EXCITED  STATES  £  i  Ai  ’ 

OF  THE  SYSTEMS  UNOER  CONSIDERATION.  WHERE  THE  Xx's  ARE  DEFINED  SY 

ThT  CAREFUL  EXPERIMENTS  BY  MlLLS^.  IN  WHICH  THE  Xj  =  e  ^  1  2^  (cosh(B(tj-  t?))  + 

„  -  0.  n.  p,  q, 

GROUND  STATE  OF  PS  WAS  ACCURATELY  DETECTED.  *  COsh(y(s1  -S?))){Sj  S?  t?  + 

HAVE  ENCOURAGED  THE  THEORETICAL  INVESTIGATION  ni  n :  <1  I  P  I  ,  ,  . 

,  ,,  +  s.1  s,  t.1  t,1  +  .  . .  )  (4) 

OF  VARIOUS  3  BODY  SYSTEMS  WHERE  THE  HAMILTON-  l  Z  Id 

IANS  ARE  PREDOMINATED  BY  THE  MUTUAL  INTERACTIONS  AND  s]  =  rjj  +  ri4  >  -  rJ 3  '  r14  ’  U  =  rl, 

BETWEEN  THE  PARTICLES  AND  NONE  OF  THEM  CAN  HAVE  AND  V  =  ^34- 

AN  INFINITE  MASS.  ThE  ELABORATE  TREATMENT^OF  PS* 

ice  T  References 

WAS  ABIE  TO  CONFIRM  THL  EXISTENCE  Or  A  lb  STATE. 

BUT  FAIL  r  D  IN  PROVIDING  US  WITH  ANY  INFORMATION  ^ M . A . AbDE L -R AOUF .  PhyS  .  Re  POR  T  S  8  4.  (  1  9  82  )  1  6  3  . 

Physica  C9 7.(1979). 103. 

ABOUT  HIGHER  STATES.  In  FACT.  ALL  THESE  DEVELOP- 

2A  P. Mills.  Phys .Re v. Le tt . 50. ( 1 983 )67 1 . 

Mr  NTS  HAVE  SHED  LIGHT  ON  THE  PIONEERING  WORK  BY  4 

4  -  >.K . Ho,  J .Phys .81 6 , ( 1 983 ) 1 503 :  A.K.Bhatia  an 

John  A.  Whfeifr  in  which  he  showed  that  Ps  R . J .Drachmae .  Phys.  Rev.  A28 . ( 1 983)2 52 3 . 

ARE  STABLE  IONS  AND  Pf.?  IS  UNSTABLE.  ONLY  HyL-  4  J  .  A  .  WhE  F  L  F  R  .  AmU  .  N  .  Y  .  ACAD  .  SC  I  .  48  .  (  1  9  46  )  .  2  1  9  . 

LI  RAAS  AND  ORE^  SUCCE  DF  D  IN  PROVING  THAT  THE  .  ’..•■VU  r»AA5  AM1*-  A.ORF.  Phys  .  Re  V  .  7  1  .  (  1  9  4  7  )  4 

HAMIITONIAN  OF  PSp  SUPPORTS  A  BOUND-STATE  WITH  ^A.ORF.  PhvS . Rt V . 7 1 , ( 1 44 7 )9 1 3 . 

FUNDING  ENERGY  0.11  cV.  WHICH  HAS  BEEN  INCREASED  ?Yu  .  A  .  T  1  SE  NKO  ,  I  ZV  .  VUZ  .  2  4  ,  (  1  981  )  .  3- 6  .  ENG.TRA 

by  Ore6  to  0.135  eV.  ’  ’  Sov .Phys . J .24 . (  1  981  )99-  10? . 

Recently.  Tistnko^  has  used  Hyleeraas-Ore ’s 

WAVE  FUNCTION  IN  ORDER  TO  CALCULATE  THE  ANNIHIL- 


-  £  ( - )  cos(0.  .  ..  )  3— - 5 - 

i  7j  ,  k  ;  j  <k  441  i  12’lk  3  r  1  j  3  r  i  k 


WHERE  e,  n  and  r.  REFER  TO  THE  CHARGES.  MASSES 
AND  RELATIVE  COORDINATES  OF  THE  PARTICLES. 

Considering  that  i=j=l,2  denote  the  arguments  of 

THE  NEGATIVE  PARTICLES.  IT  IS  EASY  TO  SHOW  THAT 
H  CAN  BE  REDUCED.  AT  el=Z,  m.=:/2,  i=l,...,4,  to 
THE  FORM 

H  .  Hhyd  *  H\  (2) 

where  Hhyd  is  the  Hamiltonian  of  the  hydrogen 
Molecule  and  H*  is  a  kinetic  energy  operator 

DEPENDS  ON  m3  AND  ">4  AND  VANISHES  WHEN  THESE 
MASSES  ARE  INFINITE. 

The  total  wave  function  is  chosen  in  the  form 

Y  =  Z  C  x<  .  (3) 

1 

WHERE  THE  Xi’s  ARE  DEFINED  SY 

x.  =  uli  vlt  e-a(sl  +s2>  (cosh  (  B  ( t  j  -  tzn  + 

1  ni  ni  pi  qi 

+  cosh(y(s^  -s^))}{S|  Sp  tp  + 

n  .  n  .  q  ,  p  . 

+  V  s2*  V  V  +  •••)  (4) 


AND  V  =  r  3I) . 
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AUTOIONISATION  STATES  OF  THE  POSITRONIUM  MOLECULES 


M.  A,  Abdel-Raouf 

Achalm  StraOe  13,  7406  Mossingen,  West  Germany 
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The  method  of  the  complex  coordinate  is  used 
for  calculating  the  au toi on i sa t i on  states  of 
the  positronium  molecules,  (Fig.  1). 

The  total  Hamiltonian  H,  can  be  written  as 


where  the  kinetic  energy  operators  T  ,  T,,  T 

lea 

and  T^  have  the  following  forms,  respectively 


e'l»|' 


:\%V5W. 


r .  3r , 
la  la 


..  ?  r , .  3r  , . 
9  r . ,  lb  lb 

1  b 


32  |  2  3 

3r? ,  r 1 2  3r12 

♦  2 

<cos(eia,lb 

3  ,  co-(9 

\  . 

32 

3rla  3 r 1 b  ld< 

,2 

12' 

3rla3r12 

v  cos(eIbl2)  3ribar 

-  )) 
12 

(2a) 

_L _,_iL  +  _L_  _i_  * 

32 

2  3 

2n,2  3r2a  r2a  3r2a 

3r2b 

*  r2b  3r2b 

-  *  2(005(0-  7K). 

rl2  9r1?  ?a.2b 


3r2a3r2b 


COs(8,,  ,,)  T— - r— - 

2a, 12  ^r2adr12 


*  cos(62b,12)  3r2b3r12)}- 


2n-  3rla 


r .  3  r  .  -  2 

la  la  ^r2a 


r2a  3r2a 


'  3rla3r2a 


2(cos(eia,2aK 


co5<eia,ab)  37^7 


cos (6,  .  )  3— - 57 - 

2a, ab  3r2d3rj)b 


2  3 

rlb  3rl 

2  3 


r  2  h  ’ r  2  b 


2(c°s(elb2b). 


'  3rlb3r2b 


cos(eib.ab) 


COS  (  S2b  db  ) 


lb  ah 
(2d) 


rib  and  h*  ri  a  " 


,  i  -1 , 2 


r  j  and  v 


ivi  th  0_^  v  <  °=>  , 

t.  <  V.  (R  ) 


The  potential  energy  V  is  given  by 

2  2  2  2  2  2 

v  =  .  _£ _ £ _ <1_  4 

r  1  a  rlb  r2a  r2b  r12  rab  (3) 

(Setting  m.=  -  m  -  m  =  1/2  and  e2  =  2  means 

that  H  is  given  In  Rydberg  atomic  units). 

In  our  calculation  -s  use  the  iylleraas1  vortn  s 


*  v  <  s .  <  ^  and  -v  <  t.  <  v.  (4) 

-  l-  —  i  — 

ie  also  assume  that  r^b  is  fixed  in  space  and 
the  total  wave  function  is  independent  of  r^* 

This  assumption  reduces  the  volum  element  di  to 
ne  form  dT  -  (1/16)  (sj  -  tjHs^  -  t£)uvds,dSp 

dt  jdt^. 

The  following  forms  of  the  wave  function  are 
tested : 

1)  fj  -  c*l/2<s|*52)  cosh  (  3(  1 1  -  t  ^  ) . 

2)  *  -  e'a(  S|  ‘  s<’ 3  (  cnsh(  2(  t  J  -  t,)  *  c  nsh  (  y  (  s  j  -  s?  )  ) , 

3>  Xi  ^WtV'V-  W'V'V'’  V  ?  rl  'i  ’ 

The  an  t  oi  n  i  sat  i  on  st.ites  are  obtained  by  setting 

r  .  *  r  .  e 1  r,  where  x  j  and  ,11,  <t  refer  to  the 

kj  kj 

>  os i t  r  on  s ,  in  the  reduced  Hamiltonian  and  drter- 
ijnjnrj  the  nendt  i  vc  eigenvalues  of  the  complex 
>art  of  the  spectrum  of  H  nsinq  3a v 1 e i q h -R i t /  ' 
iet  hod.  i  .  e .  b\  solving  the  eigenvalue  problem' 

■  :i,  *<•>-  aK  J'V’k'  3  • 

i l'i.'  -rid  t!i  of  t  tie  an  t  oi  on  i  sa  t  i  on  state. 


Me  f  e  r  <- m  ce  s 

‘ihe  matliemat  i  ea  I  aspects  of  the  method  of  com¬ 
plex  coordinate  are  reviewed  it v  O.S.Sharna, 
phy  S.  -Rept  .2o.  (  I  '27-1  II  -o4.  The  (ihisie.il  aspeets 
„r  tile  method  and  its  .toil  I  i  e  t  t  i  e-n  s  to  \tunie 
Col  1  i  s  i  on  s  art-  r  enrol  i  a  t  etl  in  t  tie  work  i»v  3  .  !v  .  Rn  , 
pity  s.itept.'/y.  (  IVsU  I -2.x. 

’see  e.g.  I  .  .la  Is  lex  anti  3  .  :  I .  C  in  In  '■  .  fonmul.  .  Hath. 
Ph\  s.  22  ,  (  I  97  1  )  2X0  and  it. Simon.  Connim.  ’lath.  Phv' 

27,(1972)1. 
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ORTHOPOSITRONIUM  LOCALIZATION  IN  GASES  BY  DENSITY  FLUCTUATION  SCATTERING 


C.  V.  Heer 

Department  of  Physics,  Ohio  State  University,  Columbus,  Ohio  43210  USA 


The  enhanced  lifetime  of  orthopositronium,  o-Ps,  in 
helium  is  attributed  to  the  formation  of  a  cavity  sur¬ 
rounding  the  o-Ps  atom.  This  cavity  formation  is 
explained  in  terms  of  a  balancing  of  the  zero  point 
kinetic  pressure  of  the  o-Ps  atom  and  the  hydrostatic 
pressure  of  the  surrounding  gas,  and  this  explanation 
requires  a  repulsive  interaction  potential  between  the 
o-Ps  atom  and  the  helium  atoms.  A  similar  enhanced  life¬ 
time  has  been  observed  in  ethane* *2  in  which  the  inter¬ 
action  potential  may  be  attractive.  It  is  the  purpose  of 
this  paper  to  develop  a  model  in  which  the  attenuation  a 
of  the  coherent  wave  by  elastic  fluctuation  scattering  of 
matter  waves 

a  -  a2  /dfi  J d3x  e  r  <An(0)  An(r)> 

2k 

=  2-a2  k“2  V  J  K  dK  <|AnK|2> 

0 


provides  localization  of  the  o-Ps.  The  s-wave  scatter¬ 
ing  length  a  >  0  for  a  repulsive  and  a  <  0  for  an  attrac¬ 
tive  potential,  and  the  wave  number  in  the  gas  or  liquid 
is  k2  =  k2  -  4^an.  This  damping  constant  a  is  used  to 
form  a  phenomenological  Schrodinger  equation  whose  wave 
function  is  damped  in  the  surrounding  gas.  The  kinetic 
pressure  of  this  localized  o-Ps  atom  is  balanced  by  the 
hydrostatic  pressure  of  the  surrounding  gas  and  yields 
the  probability  p  of  being  outside  the  cavity  and  in  the 
gas.  Near  the  critical  point  the  Ornstein-Zernike 
relat  ionship 


V<|,n  [•>  -  --n>P/.B>. 

K  1  +  C2  K? 


wavelength  and  an  extension  to  high  density  gases  would 
seem  appropriate. 


Figure  1  .  Orthopositronium  lifetime  <X-Xvac)/b  =  Dp  in 

ethane  as  a  function  of  the  number  density  n  =  2.68  x 

10?c  D  m“~.  p  is  the  probability  that  the  o-Ps  atom  is 

outside  the  cavity.  The  solid  curves  follow  from  the 

theorv  at  T  =  377  K  and  T-T  =  0.9,  and  the  dashed  curve 
c 

at  T-T  =  0.07  K.  Solid  circles  ^re  taken  from  the 
c 

experimental  curve  at  T  =  377-and  the  open  circles  at 
306.4  K  of  Ref.  (1).  The  x  are  taken  from  the  experimen¬ 
tal  data  at  303.43  t  0.1  K  of  Ref.  (2)  and  may  be  in  the 
vapor-liquid  region. 


is  used.  r2/R7  =  nu/8  where  u  is  the  isothermal  compres¬ 
sibility  and  6  =  1/k  T.  It  is  assumed  these  equations 

D 

remain  valid  for  matter  waves.  Well  away  from  the  criti¬ 
cal  point  R2  =  R2 (nu/P  -  i)/(nu/°)  and  for  an  ideal  gas 
nu/P  =  1.  The  values  of  nu/P,  were  taken  from  the  experi¬ 
mental  equation  of  state  for  ethane.  The  decay  rate  ).  is 
plotted  in  the  form  ( A  — > vac ) /b  =  Dp  against  D  in  Figure 

1.  The  curves  which  are  shown  are  for  a  =  -0.70  x 
10-'*'  m  and  R  *  1.5  x  l(f10  m. 

O 

The  model  used  in  this  paper  is  controversial.  If 
correct  it  applies  also  to  electron  and  positron  locali¬ 
zation  in  gases  and  liquids.  Recent  theoretical  work5  on 
electrons  in  solids  suggest  that  localization  occurs  when 
the  elastic  free  path  is  comparable  to  the  deBroglie 
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The  University  of  Texas  at  Arlington,  Arlington, Texas  76019 


r.- 


Recent  advances  in  the  investigations  of  the  scat¬ 
tering  and  annihilation  of  lew-energy  positrons  in 
siirple  molecular  gases  have  shewn  several  new  and  in¬ 
teresting  features.  For  example,  i)  the  cross  sections 
for  the  pickoff  annihilation  of  orthopositronium  atom 
formed  in  gaseous  CjH^  at  low  densities  where  one  posi- 
tronium — one  molecule  interactions  dominate  show  a  sig¬ 
nificant  variation  with  the  temperature  of  the  gas1, 

ii)  the  probabilities  of  positronium  formation  in  CH. 

2  q 

and  show  narked  changes  with  density  ,  and 

iii)  the  pickoff  annihilation  rates  of  orthopositro¬ 
nium  atoms  exhibit  remarkable  sensitivity  to  density 

3-5 

fluctuations  in  these  gases. 

In  this  paper  we  present  detailed  new  results 
from  analyses  of  our  data  on  the  formation  and  annihi¬ 
lation  of  positronium  in  CH^  and  gases.  We  shew 
that  the  observed  temperature  dependence  of  the  cross 
sections  for  pickoff  annihilation  of  orthopositronium 
in  C-H,  does  not  result  primarily  from  a  velocity  de- 
pendence  of  the  collision  cross  section,  the  subexcita¬ 
tion  positron  model  of  positronium  formation6  provides 
a  reasonably  good  fit  to  the  electric  field  dependence 
of  the  positronium  yields  in  CH4>  and  that  the  annihi¬ 
lation  behavior  of  positronium  seen  in  provides 
information  useful  to  the  equation  of  state. 
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M*  +  (v“p)  — >  (u*,uT)  ♦  p  and  e+  +  (e~p)  — >  (e*e~)  +  p 
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The  formation  of  (uhl")  has  not  yet  been 
succeeded  experimentally,  but  it  is  highly  desired  from 
the  viewpoint  of  exotic  atom  physicsJ  One  of  the 
possible  way  for  (fJfuC)  production  is  to  make  use  of  the 
collision  process  of 

y*  +  (M."p)  — >  IpfuT)  *  p  (1) 

Process  (1)  can  be  considered  as  a  similar  process  of 
proton-hydrogen  charge  transfer;  p  ♦  (e"p)  — > 

(e~ p)  +  p  In  the  comparison  of  Process  (1 )  with  the 
proton-hydrogen  charge  transfer  process,  there  are  some 
difficulties  to  make  a  theoretical  formulation  mainly 
from  the  following  points;  (a)  mass  ratio  of^-meson  to 
proton  is  not  so  small  as  that  of  electron  to  proton, 
and  (b)  highly  endothermic  property  of  the  reaction. 

In  heavy  particle  collisions,  relative  motion  can  be 
determined  independently  from  other  interactions  and  can 
often  be  treated  by  a  almost  unperturbed  description. 

This  is  the  reason  why  we  can  aboid  a  real  three-body 
problem  in  the  formulation  of  charge  trancefer  process 
by  taking  into  account  an  nearly  unperturved  relative 
motion.  As  one  of  the  method  to  solve  a  three-body 
problem,  the  classical  trajectry  Monte  Carlo  (CTMC) 
method  has  been  developed  and  applied  to  many  cases.2' 2 
We  can  treat  completely  three-body  problem  and  solve 
them  in  the  limit  of  classical  mechanics.  Particulary 
in  the  cases  of  Coulomb  interacting  three-body  collision 
problems  such  as  charge  transfer  prosesses  and 
ionization  processes  by  ion-atom  collisions,  CTMC  method 
has  been  applied  and  been  proved  to  give  proper  results 
empirically.2  Probably  this  is  suposed  to  be  due  to 
the  identity  of  two-body  scattering  cross  section 
formulas  for  Coulomb  pptential  between  classsical 
mechanics  and  quantum  mechanics. 

Under  these  theoretical  background,  we  have  made  a 
CTMC  calculation  for  Process  (1)  together  with  a  breakup 


process  of  v-*-(p*"p)  oollision  as 

y*  *  (u-p)  — >  u*  *  *  P  12) 

and  positron  impact  process  on  hydrogen  as 

e*  *  (e'p)  -->  (e*e~)  ♦  p,  (3) 

— >  e+  *  e~  *  p  (4) 

for  comparison  of  the  accuracy  of  the  method.  We  take 


similar  coordinate  systems  as  those  by  Olson  and  Salop2; 
Ci  (i*1,2, — ,9)  represent  the  Cartesian  coordinates 
particle (or  e")  (i=1,2,3,)  with  respect  to  p,  the 
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Cartesian  coordinates  of  particle  o.+  (or  e+)  (i=4,5,6) 
with  respect  to  the  center  of  mass  of  (uTp)  (or  (e~p)), 
respectively.  We  can  obtain  Hamiltonian  canonical 
equations  for  the  system  and  C^  with  i=7,8,9  can  be 
substructed  from  these  equations  because  they  are  in 
constant  motion.  By  solving  twelve  sets  of 
simultaneous  equations  for  Cj  and  its  canonical 
conjugated  variables  P  ^  ,  with  the  initial 
conditions  which  are  relevant  to  the  initial  quantum 
state  and  are  randomly  selected  by  Monte  Cairo  method, 
we  can  obtain  the  probability,  where  the  final  state  is 
found  either  in  the  classical  bound  state  (Kepler's 
orbit)  of  (m-V-)  (or  of  (e*e*))  or  not. 


IMPACT  VELOCITY  (in  a.u.) 


Fig.  1.  The  cross  section  for  Process  (1)  and  12) 
,  as  function  of  impact  velocity  of  M*. 
n=1  indicates  the  process  in  which  ( pi* u" )  is 
formed  into  the  ground  state  and  n=2  indicates  the 
process  to  fran  into  n=2  excited  states  of  (,u+yC). 
BK  means  the  cross  section  by  Brinkmann-Krammers 
approximation. 
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Recently  classical  trajectrory  Monte  Carlo(CTKC) 
method  has  been  applied  to  the  process  of  )*  +  +  (  M  P) 
— *  (  H  +  )0  +  P  and  e+  +  H — ►  (e+  e”)  +  p1^. 

We  will  make  a  calculation  in  quantum  mechanical  way  for 

+  ()L‘P  )  — *  (  ♦  p  inorderto 


compare  the  results  with  those  by  CTMC  method.  This  pro- 

21 

cess  has  been  suggested  by  Nagamine  '  as  one  of  the  pos¬ 


sible  way  to  produce  (  ^  +  )  atom  from  experimental 


point  of  view. 

The  atomic  structures  of  exotic  particles  draw  much 
attention  from  the  viewpoint  of  quantum  electrodynamics 
(QED).  They  will  give  us  many  information  concerning 
QED  because  the  interaction  there  is  direct  and  they  need 
not  to  use  complex  perturbation  calculations.  As  one  of 
the  possible  way  to  produce  (  ft  ft'),  one  can  consider 
the  process  as 


yt  +()*■  p  )—*()*  )  +  p.  (i) 

Here  we  are  formulating  and  calculating  the  cross 
sections  for  process(l)  by  using  quantum  mechanical  way. 
The  process(l)  is  characterized  by  the  larne  mass  trans¬ 
fer  between  initial  and  final  states  and  consequently  the 
center  of  mass  of  incident  particle  is  greatly  varied. 
Furthermore,  there  exist  large  endothermic  energy  dif¬ 
ference  (1.13  KeV)  between  initial  and  final  states.  In 
this  sense,  this  is  considered  to  be  typical  three-body 
collision  problem.  CTMC  method  treats  three-body  prob¬ 
lem  regorously  in  classical  mechanics.  We  can  obtain  the 
characteristic  feature  of  the  three-body  problem  in  the 
limit  of  classical  mechanics.  On  the  other  hand,  the 
quantum  mechanical  method  may  show  the  characteristic  fea¬ 
ture  of  quantal  effects.  For  this  reason  if  we  can  ob¬ 
tain  similar  results  for  the  same  process  by  the  first 
Born  approximation  or  by  some  improved  approximation  with 
those  by  CTMC,  the  cross  section  can  be  considered  relia¬ 
ble. 

The  first  order  Born  approximation  (FBA)  and  the 
first  order  distorted  wave  approximation  (DWBA)  have  been 

>3) 


Hamiltonian  of  the, system  can  be  written  as 

H  -  '  Vr  '  —  + 


and 

H 


Ti2  „2 


h2  2 


__,7r.  -  -7  ,  -  H  (V.  o') 

2fi  K  2V v  r  Y  f 

where  fi  and  ft  are  reduced  masses  of  the  relative 
motion  in  the  initial  and  a  final  state,  and  V  and y* re¬ 
duced  masses  of  composite  atom  in  the  initial  and  a  final 
state,  respectively.  H^(r,R)  and  H£(r*,R‘)  are  the  inter¬ 
action  Hamiltonian  in  the  initial  and  final  state. 

We  assume  the  total  wave  function  of  colliding 
system  as 

F.(R)  ^(7)  +  Ff(R*)  T(/f (?'), 

where  ^(T)  and  l}/^(r)  are  the  ground  state  eigenfunc¬ 
tion  of  composite  particles  in  the  initial  and  a  final 
state  and  F.j("5)  and  F^(R')  the  corresponding  wavefunction 
of  relative  motions. 

The  equations  for  F^(R')  in  FBA  and  in  DWBA  are 

+<  vt-)  >r,  =  o 

where  F*?(7)  is  a  plane  wave  in  the  initial  state,  and 


(--far*  +  <*  -e)F”Ch 

+  <  %(r‘) )  (-4^  6;  '  £)lFr<H(?>J>r' 


+  h; |F?02m7;>T,  =  o 

From  these  F™(R')  and  F^W(R'),  the  scattering  amplitude 
f(  6  )  and  the  total  cross  section  with  these  f ( 6  )  can 
be  obtained  as  V  p 


where  lY  and  are  the  velocities  of  initial  and  final 


states,  respectively.  This  results  show  that  DWBA's 
result  is  not  so  much  different  from  FBA's  result  and 
these  are  30-^50*  larger  value  than  CTMC  results  in  the 
impact  velocity  region  1.75~3.0  a.u..  Brinkmann-Krammers 
results  are  about  five  times  as  much  as  that  of  FBA. 

CTMC  results  are  considered  more  reliable  than  those  of 
FBA  and  DWBA  in  the  velocity  region  below  1.7  a.u..  From 
these  results  we  can  conclude  that  the  maximum  of  cross 


section  lies  around  1.  a.u.  impact  velocity(2.0~-3.0  KeV 


-4  .2 


applied  for  the  process(l)  .  Using  the  initial  relative 
coordinate  1?  (  relative  coordinate  of  +  with  respect 
to  the  center  of  mass  of  (  p))  and  the  initial  inner 

coordinate  and  the  final  relative  coordinate  R'  (  rela¬ 
tive  coordinate  of  p  with  respect  to  the  center  of  mass 
of  (  p  +  |a")  and  the  final  inner  coordinate  r'  ,the  total 


impact  energy)  and  its  magnitude  is  3.5~5.0  x  10'  a 


-% 


(a^  being  the  hydrogen  Bohr  radius)  or  2.7-.4.0  x  10  cm? 
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A  comparative  study  of  the  same  generation 
lepton  and  anti-lepton  scattering  from  hydrogen 
atom  is  dene.  The  ratio  of  the  elastic  differe¬ 
ntial  cross-section  for  the  first  generation 
species  (e~.e+)  is  found  to  be  a  function  of 
scattering  angle  and  energy  of  the  projectile. 
Whereas  in  the  case  of  second  or  third  genera¬ 
tion  leptons  the  ratio  is  found  to  be  unity 
with  second  order  S-matrix. 

Here  we  try  to  extend  the  technique  of 
Feynman  diagrams  without  further  modification 
to  free-bound  interactions.  The  philosophy  be¬ 
hind  the  approach  is  to  take  the  S-matrix  ex¬ 
pansion  for  the  free  interacting  particles.  The 
S-matrix  is  then  operated  upon  by  the  initial 
and  final  physical  states.  The  bound  wave  func¬ 
tion*  which  is  a  solution  of  Dirac  equation  in 
Lorentz  gauge,  takes  into  account  exchange  of 
Coulomb  photon  of  all  orders.  The  effect  of  bi¬ 
nding  on  the  amplitude  comes  through  these 
bound  state  vectors. 

The  amplitude  for  the  processes 

H+L'U)  —  H+L-(+) 

is  determined  from  the  sum  of  three  Feynman 
diagrams  with  one  virtual  photon  exchange  in 
each  case.  The  direct  and  exchange  interaction 
diagrams  of  L  ^  (Lepton  (Antilepton) )  with 
bound-electron  of  the  hydrogen  atom  are  added 
to  the  nucleus-lepton  (anti- lepton)  interaction 
diagram.  For  the  second  and  third  generation 
leptonic  pairs  (u— .  t~ )  the  exchange  interac¬ 
tion  do  not  arise.  In  the  case  of  atomic  colli¬ 
sion  in  the  non-relativlstic  energy  range  the 
proton  form-factor  is  found  to  have  negligible 
contribution.  So  that  nucleus  behaves  as  a  lep¬ 
ton  of  heavy  mass. 

with  low  target  momentum  contribution  from 
lepton  (anti-lepton) -bound-electron  interaction 
(direct)  and  lepton  ( ant i-lepton) -nucleus  inte¬ 
raction  are  found  to  be  same.  Interference  of 
lepton-nucleus  term  with  both  the  exchance  and 
direct  term  vanishes  identically  because  of 
vanishino  trace  between  odd  number  of  /-matri¬ 
ces  involved.  With  higher  order  diagram  it  is 
worth  searching  for  the  contribution  towards 
such  interferences. 


In  the  case  of  positron  Interaction  with 
bound  electron  the  exchange  term  arises  from 
pair  annihilation.  Contribution  of  the  annihila¬ 
tion  diagram  is  very  low  in  the  case  of  free- 
free  interaction  in  the  nonrelativistic  limit. 
But  here  the  annihilation  diagram  is  found  to 
modify  the  cross- section  through  interference 
with  direct  term  because  of  the  integrals  over 
bound  wave  functions. 

The  ratio  is  always  areater  than  one. 

o  (0) 

This  shows  the  scattering  of  electron  off  hydro¬ 
gen  target  is  favoured  more  than  that  of  the 
positron.  But  hydrogen  atom  does  not  show  this 

difference  in  behaviour  for  the  second  and  third 
+  + 

generation  leptons  (u— ,  t- )  for  which  the  ratio 

is  always  one.  This  may  be  attributed  to  the 

fact  that  the  target  and  projectile  leptons  are 

of  different  aenerations.  Other  existing  results 

also  yield  the  ratio  %  to  be  creater  than 
o(d)  o“(d) 

one.  However,  although  in  those  cases.  — t: — f- 

o  (0) 

varies  slightly  with  angle  near  the  forward 
direction,  after  that  it  remains  almost  indepen¬ 
dent  of  angle  for  a  particular  energy.  Our  re¬ 
sult  is  compared  with  other  model*  calculations 
After  initial  rise  in  the  forward  direction  the 

ratio  — is  found  to  decrease  with  anale.  and 
0  (0) 

energy.  There  is  a  scope  to  improve  our  result 
by  including  higher  order  radiation  correction 
and  distortion  of  the  projectile  wave  function. 

Ratio  for  40°  lab.  scattering  angle. 

a  (0) 

UEBS  is  the  uniterised  Eikonal  Born  Series  of 
Ref.  (2). 


ICO  20C  300  400 

oKW/g+W''--^, _ 


— - - 

Present 

1.  535 

1.  311 

1.  225 

1.183 

UEBS 

1.645 

1.367 

1.  252 

1.189 

Reference 

1.  1.  Harris  and  C.M.  Brown.  Phys.  Rev.  105 . 

No.  5.  p.  1656  (1957)  * 

2.  F.  w.  Byron.  C.  J.  Joachain.  R.  M.  Potvlleoe.  J. 
Phys.  B15 ,  P.3915  (1982). 


■>«>«>  v.  V 1  v*  1 V 'A'  A '  v.v*.  A'W  »■_- v_-  -  c 


T35 


343 


AUG1R  FORMATION  OF  (pud) *  MUO-MOLECULAR  ION 

» 

L.ChatterJee  and  S.  Bhattacharyya 

Jadavpur  University.  Calcutta  700032.  India 
*Gokhale  College.  Calcutta  700020.  India. 


The  (Pud)*  auger  formation  rate  is  calcu¬ 
lated  for  the  V-0.  J-0.  and  J«1  levels  and  the 
values  compared  with  other  existing  ones.  Dis¬ 
tortion  effects  are  discussed. 

The  non-resonant  Auger-muo-molecular  for¬ 
mation  process  has  been  proved  in  a  field  theo¬ 
retic  manner,  using  QED  in  the  Coulomb  gauge. 

The  low  energies  involved  justify  the  use  of 
the  Coulomb  gauge  -  but  the  justification  of 
using  Born  type  approximations  at  these  energies 
remains  questionable.  We  can  however  introduce 
distorted  wave  functions  for  the  initial  state 
to  improve  accuracy.  For  a  simple  estimate  we 
may  also  use  the  Sommer,  field  factor  to  weigh 
the  effect  of  distortion.  However,  as  muonic 
atoms  are  dimensionally  200  times  smaller  than 
the  target  host  molecules,  their  interaction 
is  neutronlike,  so  distortion  effects  are  expe¬ 
cted  to  be  small.  We  discuss  this  aspect. 

We  assume  that  the  Auger  formation  process 
for  muonic  atoms  incident  on  Hydrogen  molecules 

du+H2  —  (d»P)*H-M!~  U) 

is  not  noticeably  different  from  formation  of 
the  corresponding  atoms.  This  is  mainly  because 
the  neutron-like  mesic  atom  can  penetrate  free¬ 
ly  through  the  molecule,  and  interact  with  one 
or  other  of  the  target  nuclei.  The  spectator 
nucleus  is  left  behind  in  a  neutral  atomic 
state  with  one  electron.  This  spectator  atom 
is  further  not  expected  to  recoil,  so  that  the 
effective  kinematics  remains  same  as  in  the 
atomic  case.  This  was  observed  in  1957  by 
Jackson*  • 

Further,  hydrogen  atoms  may  be  formed  in 
the  chamber  due  to  dissociation  of  target  mole¬ 
cules  by  Auger  mesomolecule  formations.  Free 
nucleons,  present  in  the  system  could  also  par¬ 
ticipate  in  molecule  formation,  a  nearby  spec¬ 
tator  electron  carrying  away  the  energy  relea®. 
We  thus  obtain  the  (Pud)+  formation  rate  as 
4.87x10®  sec"1.  This  is  in  excess  of  our  previ¬ 
ous  computation2  and  includes  the  J«1  final 
state  which  was  neglected  then. 

The  rate  of  formation  of  (Pud)*  muomolecu- 
lar  ion  computed  by  us  is  in  good  agreement 
with  experiment  and  lies  between  the  two  exis¬ 


ting  theoretical  values-  Table  1. 

The  methodology  involved  utilises  a  Born- 
type  expansion  of  the  scattering  matrix  in  pow¬ 
ers  of  the  electromagnetic  coupling  constant. 
While  this  is  retained  to  first  order  for  the 
interaction,  the  exchange  of  Coulomb  photons  is 
accounted  for  to  all  orders  through  the  initial 
and  final  bound  state  wave functions.  The  inclu¬ 
sion  of  both  n-p  and  d-p  interactions  in  the 
matrix  element,  and  their  resultant  interferen¬ 
ce  distinguishes  it  from  simple  first  Bom  cal¬ 
culations.  The  contraction  of  the  field  opera- 
ters  in  the  Hamiltonian  with  the  creation  and 
annihilation  operators  in  the  state  Vectors 
yield  momentum  relations  between  the  interact¬ 
ing  particles.  This  approach  may  also  be  used 
to  study  the  resonant  molecule  formation 
process. 


Table  1. 

Values  are 

from 

ref.  (3) 
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3.0  1.3 

5.91 

4.  87 
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♦ 
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The  diamagnetic  muon  spin  rotation  signal  from 
positive  muons  stopped  in  the  noble  gas  moderators  He, 

Ne  and  Ar  is  due  to  the  formation  of  molecular  ions 
(e.g.  (HeMu+]*>  in  ro-vibrat tonally  excited  states.1 
This  signal  is  very  long-lived,  with  T2  50  ms.  Upon 
the  addition  of  some  reactant  gas  X  thermal  charge  ex¬ 
change  may  cause  the  formation  of  muonium  (Mu*( u+e“) ) , 
depolarizing  and  hence  relaxing  the  signal,  in 
competition  with  muon  transfer:  e.g. 

--S.  Mu  +  X+  +  Ne 

[NeMu+)  +  X  k£  . 

1  — i.  XMu+  +  Ne 

where  kc  and  kt  are  the  rate  constants  for  charge 
exchange  and  muon  transfer,  respectively.  The  competi¬ 
tion  produces  two  relaxations,  a  fast  component  due  to 
charge  exchange,  and  a  9low  component  due  to  muon  trans¬ 
fer  where  the  muons,  remaining  in  a  diamagnetic  environ¬ 
ment.  maintain  their  polarization. 

We  have  studied  kc  at  room  temperature  for  a 
variety  of  reactants  X  (Xe,  Kr,  CH^,  C2Hb,  C2H,4,  CH3F, 
NHj  and  N20)  In  He  and  Ne ,  and  for  Xe ,  NH3  and  CH4  in 
Ar.  Relaxation  was  not  seen  in  Ar  for  any  dopant,  nor 
for  CHU  or  C2Hfc  dopants  in  He  or  Ne.  A  fast  relaxation 
component  was  seen  with  all  the  other  reactants  in  both 
He  and  Ne,  although  the  reactions  with  C2H4  and  Kr  were 
measureable  only  in  Ne .  The  Kr  reactions  are  surprising 
since  Mu  formation  with  Kr  should  be  endothermic,  even 
for  a  bare  muon. 

Figure  l  shows  recent  and  previously  published* 
data  for  the  relaxation  rate  A  vs  Xe  concentration  for 
the  (NeMu+)*  +  Xe  reaction.  The  new  data  extends  to 
much  lower  concentrations,  showing  a  pronounced  curva¬ 
ture  In  A  at  these  concentrations  which  was  not  estab¬ 
lished  previously;  all  reactants  show  similar  behaviour 
at  low  concentrations.  Within  errors,  all  the  high- 
concent  rat  Ion  data  can  be  fitted  to  a  linear  dependence 
(e.g.  Fig.  1)  from  which  a  rate  constant  kc  Is  deter¬ 
mined.  Preliminary  values  for  kc  are  given  in 
Table  1,  compared  with  theoretical  calculations  from 
simple  Langevin  theory  (Xe,  Kr ,  CH^,  C2H^)  or  from  the 
Average  Dipole  Orientation  (ADO)  theory  (CHjF,  NH3). 
Given  present  uncertainties  about  the  reaction  mecha¬ 
nism,  the  agreement  between  theory  and  experiment  is 
good,  with  the  notable  exception  of  CH,^,  suggesting  that 
muon  transfer  (k^)  dominates  over  charge  exchange  in 
this  case.  This  may  be  related  to  tunnel  1 lng-enhanced 
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Xenon  Concentration  (104ycm3) 

FIGURE  1  (NeMu+)*  Reaction  with  Xe 

fragmentation  of  metastable  ions,2  particularly  if  an 
intermediate  complex  Is  formed,  as  in  current  work  on 
ion-molecule  reactions.3 


Reactant 

He  moderator 

kc(exp)  kc(theory) 

Ne  moderator 

kc(exp)  kc( theory) 

Xe 

12±4 

23.5 

3.0 ±0.5 

11 

CH„ 

<0.02 

20.5 

<0.02 

12.5 

nh3 

60  ±20 

36 

2633 

21 

ch3f 

2935 

37 

7  ±2 

20 

n2o 

20±2 

— 

iui 

— 

c2h4 

? 

25 

20  ±4 

14 

Kr 

? 

19 

7.230.9 

9.1 

TABLE  1  [HeMu+]#  and  lNeMu+]*  Molecular  Ion  Reaction 
Rates  (10” 10  cc/Sec) 
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DYNAMICS  OF  MUON  SPIN  POLARIZATION  DURING  CYCLIC  CHARGE  EXCHANGE  IN  NOBLE  GASES 
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A  beam  of  4.2  MeV  positive  muons  (100%  spin 
polarized)  was  stopped  in  noble  gas  targets  and  the  spin 
polarizations  of  muons  thermalized  as  triplet  tnuonium 
and  in  diamagnetic  chemical  environments  have  been 
measured  as  a  function  of  pressure,  pJ^(P)  and  pjj(P), 
respectively.  A  set  of  coupled  quantal  rate  equations 
for  muon  spin  dynamics,  based  upon  quantal  Boltzmann 
equations,  have  been  developed**2  to  calculate  p^u(P), 
p£u(P),  and  Pjj(P)  where  p^(P)  is  for  singlet  muonium 
which  is  unobservable  in  this  experiment.  The  dynamics 
of  the  muon  spin  is  generated  by  the  muonium  hyperfine 
interaction  between  the  positive  muon  and  the  electron 
and  by  the  electron  pickup  and  loss  rates  [kp(t)  and 
k-(t))  of  muon  and  muonium,  respectively. 

Energetic  charged  particles  undergo  three  broad 
regimes  of  energy  loss  as  they  thermalize  in  gases.  At 
high  energies  where  slowing-down  is  mainly  via  ioniza¬ 
tion  of  atomic  electrons  (Bethe-Bloch  regime),  no  sig¬ 
nificant  muonium  formation  occurs.  In  the  second  regime 
the  muon  passes  through  a  series  of  charge  exchange 
cycles,  p+  +  e"  ♦ — ►  Mu,  where  it  spends  an  appreciable 
amount  of  time  as  a  muoniun  atom.  Muons  emerge  from  the 
charge  exchange  regime  in  one  of  these  chemical  environ¬ 
ments,  the  probability  of  which  depends  upon  kp(t)  and 
k^(t).  In  the  last  stage  the  thermalizatlon  process  is 
dominated  by  elastic,  inelastic  and  reactive  collisions 
and  there  are  no  further  charge  exchange  cycles.  Due  to 
the  presence  of  the  hyperfine  interaction  there  may  be  a 
significant  muon  depolarization  in  the  charge  exchange 
region.  That  is,  during  free  flight  of  muonium  between 
collisions  there  is  an  exchange  of  polarization  between 
the  muon  and  the  electron  which  Is  mediated  by  the 
hyperfine  interaction  (v-4463.3  MHz).  If  the  time 
between  collisions  approaches  the  order  of  the  hyperfine 
period  (l/v-0.22  nsec)  then  the  electron  can  carry  away 
an  appreciable  portion  of  the  polarization  when  It  is 
lost  In  the  next  charge  exchange  reaction. 

In  order  to  solve  the  coupled  rate  equations,  the 
following  assumptions  have  been  made:  (1)  kp(t)  and  k^tt) 
are  nonzero  only  in  the  charge  exchange  regime  and 

(2)  they  are  time  independent.  There  are  three 
adjustable  parameters,  ie,  kp,  k^  and  a  constant  which 
relates  the  pressure  to  the  time  span  of  the  charge 
exchange  regime  (tc).  Figures  l  and  2  show  fits  to  the 
data  taken  in  Ar.  A  set  of  parameters  was  obtained 
through  a  fit  of  Pp(P)  shown  in  Fig.  1,  and  these 
parameters  were  used  to  calculate  P^,(P)  which  is  the 


FIGUSE  1  pD(P)  In  Ar.  Pressure(otm  ) 


Pressure(otm  ) 

FIGURE  2  pJu(F)  (upper)  and  pJJ^P)  (lower)  In  Ar,  the 
superscripts  t  and  s  refer  to  triplet  and  singlet 
muonium  spin  states,  respectively. 


upper  curve  at  high  pressures  shown  with  data  points  in 
Fig.  2.  The  lower  curve  Is  P\ju(P)-  The  time  span  for 
the  charge  exchange  regime  (tQ)  in  760  Torr  Ar  has  been 
determined  to  be  0.04  nsec,  in  good  agreement  with 
earlier  studies.3  The  quantity  tc  is  difficult  to 
obtain  in  proton  charge  exchange  studies.  It  is  inter¬ 
esting  to  note  that,  p{ju(P)  and  pJju(P)  are,  ln  general, 
not  equal  and  the  p's  could  be  oscillating  functions  of 
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In  recent  years  there  has  been  a  constantly 
growing  interest  on  the  structure  of  the  S.C. 
exotic  atoms  like  <Sfp),  CKei,  ($<$)  physical 
systems.  The  energy  levels  of  the  atomic 

system1  have  been  calculated  up  to  the  two-pho- 
‘  on  exchange  approximation  including  the  hadro- 


vacuum  polarization  effects^ 


It  is  to  be 


Pointed  out  that  the  Lamb-shift  measurement  of 
such  system  would  provide  an  alternative  infor 
mat  ion  on  the $7 -meson  radius.  In  the  previous 
publication3  it  has  been  shown  that  it  would  b 
possible  in  high  energy  accelerators  to  create 
)  atomic  systems  and  to  measure  the  life- 
-time,  the  absolute  square  of  the  wave  func- 
'ion  at  the  origin,  and  the  Lamb-shift. 

In  the  present  note  we  show  the  result  of 
the  calculation  of  the  energy  levels  of  pioniui 
in  the  framework  of  the  quas i po t en t i al  approach 
f  the  Logunov-Tavkhel idze  using  one-photon 
exchange  approximation.  The  second  order  ef¬ 
fects  in  the  point  like  pion  vertex  function 
and  the  electron-positron  vacuum  polarization 
effects  are  included. 

The  Lamb-shift  of  the  p ionium  reads 

aWVs)-  aW ftp)  ■=  -  A-  — -\  + 

12  K 


.[Xf—1  - 

67? 

-  is  the  eve  rage  of  the  excitation  energy 
with  the  reduced  mass  used  and  me  is  the  elec¬ 
tron  mass. 

In  this  approximation  the  hadronic  effects 
:,ot  included.  There  contribution  would  appear 
-rough  the  S-wave  of  the  <JF-  flfscat  tori  ng  and 
■he  measured  volue  of  the  Lamb-shift  would 
■rovide  a  more  precise  value  for  the  statte- 
ing  lenght. 

The  numerical  value  Lamb-shift  is 

aWM- A  Wf£iO  •»  -  1 1 9  Jt  ./o'3eV. 
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TOTAL  SCATTERING  CROSS-SECTIONS  AND  INTERATOMIC  POTENTIALS 
FOR  NEUTRAL  HYDROGEN  AND  HELIUM  ON  SOME  NOBLE  GASES 
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Measurements  of  the  total  scattering  cross-sect i on 
for  to  1800  eV  I)  incident  on  He,  Ne,  Ar  and  Kr,  and 
•'run  40  t o  850  eV  He  incident  on  He,  Ar  and  Kr  are  pre¬ 
sented,  Thev  provide  a  way  to  extract  the  interatomic 
potential  over  a  narrow  range  in  interatomic  distances. 
The  potentials  thus  determined  are  in  the  repulsive 
wall  region,  roughly  n.5  5  to  2,0  5  depending  on  the 
pair.  Knowledge  of  the  cross-sections  increase  under¬ 
standing  of  edge  effects,  improve  designs  and  models  of 
divertors  and  pumped  limiters,  and  refine  calculations 
of  neutral  densitv  profiles  in  fusion  devices. 

The  cross-sect  ions  are  determined  hy  passing 
energetic  neutral  atoms  through  a  gas-filled  scattering 
cell  and  monitoring  the  attenuation  as  a  function  of 
pressure  in  the  cell.  A  complete  description  of  the 
apparatus  and  techniques  can  he  found  in  reference  I. 
The  source  of  the  energetic  neutrals  is  the  charge 
exchange  efflux  from  the  Princeton  Large  Torus  (PLT) 
tokamak.  The  PLT  tokamak  proves  1-second  ,■shots',  of 
nearlv  constant  2x10*^  atoms/cm2  efflux.  The  great 
advantage  of  using  the  PLT  tokamak  is  the  puritv  of  the 
efflux  and  the  "brightness'1  of  the  emission  in  the 
desired  energv  range.  The  energv  spectrum  is  roughly 
Maxwellian  with  an  average  energv  of  250  eV.  No  other 
source  of  neturals  has  comparable  brightness  over  this 
hnrad  energv  range.  For  this  reaons  tokamaks  offer  a 
unique  method  for  studying  certain  atomic  processes. 

The  detector  of  the  energetic  neutrals  is  the 
Low-Fnergy  Neutral -Atom  Spectrometer  (LENS)  .  The  LENS 
is  a  1 1 me-of-f 1  i ght  spectrometer  with  an  energy  range 
of  10  eV  to  2000  eV  for  deuterium.  The  minimum  detec- 

tahilitv  threshold  for  deuterium  at  100  eV  is  l.OxlO1^ 

? 

at nms 'cm  eV  s  ster  when  the  time  resolution  is  1  msec. 
Since  the  flux  over  a  wide  energy  range  is  measured 
virtually  simultaneously,  and  since  elastic  neutral- 
neutral  collisions  dominate  at  these  energies,  the 
dependence  of  cross-sect  1  on  on  energv  for  a  particular 
pair  nf  atoms  can  he  determined  during  one  PLT  "shot”. 

Wh,1t  lB  lv  measured  is  Ssc(E)>  the  averaged 

effective-angle-dependent  total  scattering  cross- 
section.  It  is  an  averaged  quantity  because  the  scat¬ 
tering  cell  has  finite  dimentison;  it  is  effectlve- 
ang|M  dependent  because  deflections  smaller  than  a 
certain  angle  are  still  detected.  Further  complica¬ 
tions  arise  from  scatering  events  that  add  particles 
into  the  beam.  Variation  of  pressure  along  the  scat¬ 
ty  ing  path,  beam  divergence,  scattering  that  adds  to 


the  beam,  and  ouantum-mechanical  corrections  for  small- 
angle  scattering  were  all  taken  into  account  in  the 
effective-angle  calculation. 

If  the  problem  is  treated  classically  an  analytic 
expression  for  Ssc  can  be  found  assuming  the  interac¬ 
tion  is  governed  hy  a  spherical  potential  V(r)=Kr  S.^ 


(i) 


and 


V  E  ) 

i  /■//o’ Bdi 


-  / 
2  zb  J 


(^d  min 


/  d ' 


- dz <2> 


where  9min,  9max,  9d,  9dmin,  and  9dmax  refer  to  scat¬ 
tering  angles  in  the  gas  cell  that  are  generaly  func¬ 
tions  of  position,  incident  and  azimuthal  scattering 
angles1,  and  F(s)  =  tj  ^  T(s/2  +  l/2)/r(s/2).  Note  that 
dr  has  four  dimensions:  two  angles  to  define  the  inci¬ 
dent  beam's  direction,  and  the  x  and  y  dimensions  of 
the  scattering  cell.  The  effective  scattering  angle, 
fief,  can  now  he  defined:  9ef»<3  ^S>  s^.  To  find 

s  from  the  data,  equation  (1)  can  he  put  Into  linear 
form  and  solved  graphically.  In  principal  K  can  also 
he  found  hut  the  error  associated  with  the  extrapola¬ 
tion  to  find  the  Intercept  value  of  a  logarithmic  quan¬ 
tity  is  quite  large.  The  validity  limits  for  the 
interatomic  potential's  range  from  the  minimum  and 
maximum  scattering  cross-sections  observed.  The  table 
below  summarizes  the  data: 

incident,  „ 
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.946 
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There  has  been  a  great  in  using  the 

methods  of  quantum  fie  id  theory  to  the  study  of 

be  und  states  of  elementary  particles  both  in 

isiativistic  and  nonrela tivistic  quantum 

mechanics.  this  ha s  been  adii-v-*.;  by  solving  the 

i  '  the-Salpe  ter  equation  for  two-body  problems. 

'.ei'evcr,  very  little  progress  has  been  made  on 

I  he  ap  licalion  of  the  field  theoretic  techniques 

study  tue  bound  states  of  composite  particles. 

,.ute  sometime  back  Girardeau,  through  a  series 

of  papers^,  has  developed  a  second  quantised 

< '■  Tmulati  on  of  a  system  of  composite  particles 

iy  defining  the  creation  and  annihilation 

i-  tors  ft  r  the  atcmic  species.  In  this 

n  :  '•  :  sn  iie  has  arrived  at  an  expres.sii  n  1'or  a 

pi-  ■  etch  Hamiltonian  which  contains  'he  inter- 

/ 

•it-  mio  (  cuicn.b  intr”'actiom  V  plus  some  effective 
in:. 'tii  Icii.ic  exchange  interactions  arising  out  of 
i ■Men.-  n.-TF  of  electrons  and  nuclei,  in  Uie  present 
•ark  ve  a  ply  Girardeaus  formalism  with  a;  propi  i- 
:  f.-  ik  d  ific::  tjons  to  study  the  bound  s  tn  •  e  of  two 
n  ■  1 1. j- ; <  1  hydrogen  atoms,  tiie  simplest  conporite 

rcicle. 

Vi'e  start  with  the  iianii  1  L-mian  for  the  system 
•.  f  composite  particles  with'iit  tiie  exchange  L<  rii  , 
.rich  is  written  in  tiie  forn  : 

H=H. +v'  ,  (1) 

where  ’/denotes  the  interatomic  Oouimb  intcrac- 
tir.n  wnose  expression  in  tern  s  rf  tiie  tc  n  i  c 
field  cperalcrs  lias  b°  n  riven  1  .y  Girardeaut 
fiic  matrix  element  that  npp "irr:  in 

/i»  »  1 

.ic  expression  for  V  is  given  i  y 

m  fl  /•  -  ' 

V*  ,  , l  h  ■ - n')  =  1 1 dint  i; <ty < ", ) <P.< < "V >1 U  ty % >WW2) 

tVrn  J  1  ^  71 

w»)‘jr<?  ,  -i 

W  n*t')  =  ^[(ih  **Xt-  0 

+  (qa  -  n'-  bn*,‘  tiq'l) -lin-if-  t/q-  ftS.'lj  HI'i'-'' 3) 

(f^fienou:  L- k?  wave  function;  for  hydre.  p.en 

t.  n;r  a^iii/U-Hm)  and  b*n/(M*ir)y  n.  ami  M  boiup  tho 
■  •.arses  of  th®  electron  and  piot'ii  v*  pec*  s.  j  ve  1  y  • 

i,»  f  n :  cjpfjt.p  tli?  1  .<f  i  y  ;♦»«  pi  i  Ludr 

hi,  .  t,  ,  h', ,  n’f  ,  (,)  s,  ,  tue  two  composite 
-  I  '.icle  py^teni  (here  tw<'  hydro  *on  M.ii.r)  ;ir 

x*  r  L  n, .*<■*,.*,)  "»> .  i '•  > 

in  -us  equation  T  denotes  xhe  Hick  tin  c-oni-  rim; 


operator  ,lo),  the  vacuum  state  and  |2  F  F^,l' 
state  vector  for  the  two  composite  p-  i  ii"l  - 
having  total  momentum  F  and  energy  i’  .  •  '  i  -  v 
define  a  differential  operator  ^  as 

=  i  4  *  j  -  i-  ,r 

It  can  be  shown  that 

/^4(  K ,  t,  ,s; . »,) 

Followinr  I-q.(7)  Vn®  obtains 

( V -  -  U( +  ir  Xf*e 

-  U(nt,rZr  .  Xl,n[e)Xfe.  • 


vV  the  ‘  1 r-' 

■  ».r»  ri-  > 

•- 1  ;■  t  ive 

<  •:»» n 1  ■ 

trans 1  -  *  ’ 

U'-‘  .1 

'■  '•y M-i!  , 

i  l»  \r 

|>l  i  J  jr  .!. 

i  1 :  '•  *  •  j*  ■  I 

'3||H  rwli  r 

f  !  n  f«  * 

r,  l  Vr. 

t*  i.h* 

.  t '  • •  : 

•  •  l  1  r 

•■t  the  a 

•ii  f.  i  c  n 

-  SB  vif  ~  xp  ^  ^  -  ni f '  ^ 

+  WIR*.  n„  ,  h\.)  -  £  J  X6  («’.  «’i,  - ° 

If  >.  e  now  ignore  'he  iKinentum  varinlde  'mi  i  - 
ate  to  H*  ,  hq.(r’)  r  (Ju'-s-  to  fh‘!  riu  .".l  •  •  , 

equnti'ii  fir  hyuror<  n  ndecule  ;  j  Ui  I  ' 
nuclei  having  its  energy  K  r'epe’-'Unr  pnu  n  ’• 
caiiy  on  H  .  In  the  limit  of  ( r  / 1  b  i'  to 

be  identified  with  Uie  im  errvl'  er  sepag.  i.i  n 

We,  therefor",  n<  lice  h  it  the  pi-  lectcd 
llanii  1 1'  hi  an  obtained  by  dirar'i-au  r  i  a  •  •  ik 

Of  Cell  peg  iie  pa  |  I  i  c  1  e  s  i  g  o.  I  g.  o  t  ,  iu'  '  ll‘  h  : 

to  define  'tie  Be<  he-i'alp<  *-'r  Ou  r'liude 
proper  Ly  jp  order  to  on  i  ve  at  ''i"  f'-hro'l  i  i 
s»qir  tion  (•  r  Ui"  hydr'-gen  i! '  1  ru!*1.  itw  r  •  1  ■  ■  I 
of  t  iie  interatomic  e-<c 'uinge  in'  t  act  ions  '  ;  t 
liave  tprii  neg.'eci  oil  i.y  us  i  t  •  rr  '  hn  fir  r  r  ' 

Hug  i  I  ton  ■  an,  is  under  i nv»r 1  i ga i on. 
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ATOMIC  BEAM  SCATTERING  WITH  MAGNETIC  ANALYSIS, 
AND  THE  STRUCTURE  OF  RARE  GAS  OXIDES  AND  FLUORIDES. 


V.  Aquilanti,  E.  Luzzatti,  F.  Pirani  ar.d  G.G.  Volpi 
Dipartimento  di  Chimica  dell 'University ,  06100  Perugia,  Italy 


study  of  the  interaction  between  a  rare  gas 
an  oxyu*  r.  :>r  fluorine  atom  is  of  large  mtere- 


..  r  t. he  app  1 i  cat  1-. 


jr  tr.e  .:;J**r  standing  of  the 


ra:'t  ar»*  verv 


characterized,  in 


important  ::as<-  when  gr^md  state  a- 


-'2,1  j2>  3 ,  2 , 3 ,  2  > 


:f  P  atoms  in  the  van  dvr  Waals  bondi:.:.  However  these 


F-Xe  •  151.0 

-  2.31 


c. .  •  a  j  .  7  o 


Jftt  A 


.v.v.v, 


&&&£* 

A 


3.2S  i.bO 


In  -ir  laboratory  we  measure  total  scar  taring  cross 
'*  ions  as  a  function  of  velocity  m  the  thermal  energy 
ram*..-  f  -.r  collisions  of  velocity  selected  and  magnetical¬ 
ly  malyzed  oxygon  and  fluorine  atomic  teams  with  rare 

:  I  .  . 

h /  measuring  the  behaviour  of  oxygen  and  fluorine 
s*.  m  :  earns  as  a  function  of  the  magnetic  field  strength 
»*  :  velocity,  it  is  possible  to  analyze  the  di- 

r  r  i.",  of  atomic  states  in  the  beam  under  various 

•  ■xrer :  m*  nta  1  conditions  and  to  determine  the  population 
•  "ne  relative  ma3.net ic  sublevels.  In  particilar  meta- 

anle  oxygen  atoms  are  not  present  in  conditions  used 

•  r  cur  scattering  •  •xpor  iments . 

We  use  basically  the  same  experimental  apparatus  pre- 

1,1,3 

••.  ...■ly  described,’'  with  a  modification  which  has  been 


introduced  to  avoid  negative 


its  of  casual 


:  iuc i  . -t  io:s  of  general  experimental  cnditions,  such  as 
:  .  k cr oar. i  pressure  and ,  ir.  particular,  those  m  the  mi- 
-r  wave  discharge  where  atoms  are  produced.  In  this  way 
a  :  :;r. .  f  i..ant  impr  •  venent  of  juality  of  the  scattering  da- 
"  i  can  it.  achieved,  expecially  in  the  experiments  invol- 
xy  J**n  at  ms.  The  cross  sections  for  oxygen-rare  gas 
•.y>t»-ms  art.  .i-t. lined  m  a  wide,  velocity  range  and  wit:. 

1  wvr  uncertainty  than  ir.  previous  experiments.  The  a  - 
r.  j'y  is  *  the  present  data  allows  a  -haractor ization  of 


:x  lowest  lymi  state: 


Finally,  the  present  total 
wit:,  rn.nr.vt  ic  select  i  .<r»,  analyz* 


oxides  around 


TjS»  section  measurements 


ether  with  r reviou- 


rly  meac. ar*-.i  differential  cross  sections  and  t  tal  cross 

ction.!  .  t a : ne .1  at  lower  energies,  allow  r  .  Jeriv*  a 

systematic  pi -tor**  of  tne  interactions  between  fluorine 

•i*  oms  and  the  heavy  rare  gases. 

For  the  three  lowest  lying  states  of  the  fluorides  of 

argon,  krypton  and  xenon, J  the  table  shows  well  depth 

and  equilibrium  distances  r  ,  the  accuracy  being  of  the 
m 

order  of  1  meV  for  •  and  of  0,1  A  for  r  . 

m 

It.  is  interesting  to  stress  that,  for  analysis  of  data 
for  the  three  rare  gas  fluorides,  we  were  guided  by  the 
considerations  about  coupling  schemes  described  in  Ref .6 


in  meV,  r  m  A 


The  transition  between  cases  a;  and  a  occurs  for  F-Ar 
:r.  the  repulsive  region,  and  for  F-Xe  in  the  attractive 
region.  The  F-Kr  case  is  intermediate,  the  transition  ta¬ 
king  place  in  the  well  region  for  the  ground  state:  this 
region  govern?  the  rainbow  structure  m  differential  cross 
sections,  and  therefore  a  farther  analysis  of  the  experi¬ 
mental  data  in  Ref.  4  is  required. 

Besides  the  interest  of  these  results  for  the  chara¬ 
cterization  of  weak  chemical  bonds,  the  knowledge  of 
these  interactions,  when  used  jointly  with  the  previous¬ 
ly  developed  theory  of  angular  momentum  coupling  schemes 

g 

and  decoupling  approximations  for  atoms  in  P-states, 

allows  the  computation  of  mtramult iplet  mixing  and  depo- 
J 

lar ization  cross  sections. 
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RADIATIVE  RECOMBINATION  OF  KR  lu(  Pj)  EXCIMERS 

H.  Schmoranzer,  P.  Wol lenweber,  K.  Barzen 

Fachbereich  Physik,  Universitat  Kaiserslautern 
0-6750  Kaiserslautern,  W. -Germany 


With  the  view  of  a  spectroscopic  determination  of 
the  interatomic  potentials  of  rare  gas  excimers  the  va¬ 
cuum-ultraviolet  emission  of  krypton  has  been  investiga¬ 
ted  previously  in  the  spectral  region  of  the  second  con- 

1  2 
tinuum  and  the  modulated  first  continuum  in  the  red 

wing  of  the  3Pj  -  atomic  line.  At  present  further 
details  of  the  Kr  emission  spectrum  observed  in  the  blue 
wing  of  the  first  atomic  resonance  line  will  be  dis¬ 
cussed  . 

20  keV-electrons  at  a  beam  current  of  250  uA  were 
utilized  for  cw  excitation  of  the  krypton  gas  at  50  mbar 
with  impurities  less  than  30  ppm.  The  spectral  resolu¬ 
tion  attained  was  0.01  nm.  The  blue  wing  of  the  atomic 
emission  line  at  123.584  nm  exhibits  three  structures  of 
which  the  spectral  positions  agree  with  Tanaka's  "unana- 

3 

lyzed  absorption  bands  and  more  recent  absorption  mea- 

4 

surements  .  The  emission  structures  are  displayed  in  Fig. 
1  as  a  difference  spectrum  obtained  by  subtracting  an 
exponential  background.  The  weak  structure  at  snortest 
wavelengths  (labelled  1)  is  observed  at  300  K  while  it 
disappears  at  150  K. 


COUNT  RATE  DIFFERENCE  tl0J  S  ] 


123  A 

WA'.ElENGTH  In 


FIGURE  1  Emission  spectrum  of  blue  wing  of  KrI  first 
resonance  line  (exponential  background  sub- 
trac  ted  ) 

It  is  concluded  that  the  nodulated  blue  wing  spec¬ 
trum  observed  arises  from  the  repulsive  1  r  P, )  state. 

+  3  u '  1 7 

0  ,  Pj)  as  a  hypothetical  initial  state  can  be  excluded 

since  a  hump,  necessary  for  explaining  structure  1,  in 

the  0*  potential  curve  is  contradicted  by  experimental 
u  4 

and  ab  initio  results  .  Consequently  a  simulation  of  the 
free-bound  emission  spectrum  Kj)  -  0g(1SQ)  was  per¬ 
formed  by  calculating  Franck-Condon  factors  from  the 

1  {  P, )  continuum  to  all  bound  vibrational  levels  of 
u'j  r 

0g(  SQ)  and  by  superposing  the  free-bound  FCFs  weighted 
according  to  different  thermal  population  distributions 


INTENSITY  [Qrb  u  3 


Emission  This  work 


lu(3p,)  -Og('5=) 


WAVELENGTH  tnml 

FIGURE  2  Calculated  lu(^Pi)  -  0g('so)  free-bound  emis¬ 
sion  spectra  in  comparison  with  experimental 
spectral  positions 

of  continuum  states  assumed  (Fig.  2).  As  input  data  the 
ground  state  potential  known11  and  the  excited  state  poten¬ 
tial  described  by  point  pairs'*  were  used,  and  a  variation 
of  the  electronic  transition  moment  was  neglected  within 
the  relevant  interval  of  irternuclear  distance. 

The  calculated  spectra  can  be  seen  to  reproduce 
the  experimental  spectral  positions  of  maxima  rather 
well.  An  additional  broad  structure  arouna  123.17  nm  is 
predicted  by  the  calculations  which  may  be  found  at 
higher  temperature. 

The  structured  continuous  emission  observed  in  the 
krypton  excimer  spectrum  on  the  short  wavelength  side 
of  the  first  atomic  resonance  line  can  be  interpreted 
to  manifest  the  radiative  recombination  of  an  excited 
Kr  5s  3Pj  atom  colliding  with  a  Kr  atom  in  the  ground 
state.  After  emission  of  a  vuv  photon  a  dimer  in  the 
weakly  bound  ground  state  is  formed.  Furthermore  the 
aqreement  stated  between  experimental  and  calculated 
Spectra  corroborates  the  interatomic  potential  employed 
in  describing  the  excimer  state. 

Financial  support  from  the  Deutsche  Forschungsge- 
meinschaft  under  Sonderforschungsbereich  91  is  grateful¬ 
ly  acknowledged . 
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THE  COLLISIONAL  RELAXATION  OF  EXCITED-STATE  ZEEMAN  COHERENCES  IN  ATOMIC  YTTERBIUM  VAPOR 
A.  G.  Yodh,  J.  Golub,  and  T.  W.  Mossberg 
Department  of  Physics,  Harvard  University,  Cambridge,  Massachusetts  02138 


We  have  employed  a  tri- level  photon  echo  technique 
to  study  the  effects  of  collisions  on  excited-state 
Zeeman  coherences  in  atomic  Yb.  Some  collisions  are 
found  to  destroy  (depolarize)  the  Zeeman  coherences. 
Others  leave  the  coherence  intact,  while  changing  the 
velocity  of  the  atom  as  a  whole.  Both  Yb-He  and  Yb-Ar 
collisions  were  studied.  In  the  former  case,  cross- 
sections  for  depolarization  and  velocity  changes  were 

measured,  as  was  the  spectrum  of  col lisional lv  induced 

2 

velocity  changes.  Our  experiment*"  together  with  two 
3,4 

others  recently  reported  ,  provides  the  first  quanti¬ 
tative  look  at  the  role  of  velocity  changes  in  the 
collisional  relaxation  of  Zeeman  coherences. 

We  use  three  linearly  polarized  laser  pulses  to 

create  an  echo  signal.  The  pulses  excite  different 

2  1  3 

Zeeman  components  of  the  *  =  556nm,  (6s  )  S_  -  (6s6p) 

Yb  transition.  Effective  collisional  relaxation  cross- 

sections,  '  *f(t„,),  for  the  excited-state  Zeeman  co- 
er  t  21 

herence  were  measured  by  monitoring  the  intensity  of  the 
echo  signal  as  a  function  of  perturber  pressure  for 
various  values  of  t^^  and  t^*  Here  t^.  represents  the 
time  interval  between  the  ith  and  jth  ni*1c«c 

The  first  two  laser  pulses  generate  eight  non-zero 

3 

spherical  tensor  moments  in  the  P^  state.  The  q-1  com¬ 
ponents  of  the  orientation  and  alignment  are  created 
with  amplitudes  that  are  modulated  as  a  function  of 

axial  velocity  with  period  v  =  */t,,,.  The  echo  is 

m  21 

generated  as  a  result  of  the  interaction  of  the  third 
laser  pulse  with  the  velocity  modulation  in  these 
quant  it ies. 


FIGURE  1  vs*  C2j  for  collisions 


TABLE  1 

Perturber  **  (X2)  aVcc<^) 

He  89(7)  150(8)  239(9) 

Ar  150(10)  >681(25)  >836(25) 


During  t__,  collisions  that  thermalize  the  popula- 

3J2 

tion  of  the  P^  manifold  (depolarizing  collisions)  or 
that  thermalize  the  atomic  velocities  (velocity-changing 
collisions)  can  reduce  the  echo  amplitude.  A  velocity¬ 
changing  collision  that  changes  an  atom's  velocity  by  an 

amount  larger  than  the  modulation  period,  v  ,  will  pre- 

m 

vent  that  atom  from  contributing  to  the  echo  signal. 

Our  measured  effective  relaxation  cross-sections, 

0  Lit,,),  represent  the  effect  of  collisions  that  de¬ 
er  r  2 1 

polarize  or  induce  velocity  changes  larger  than  ^/C21* 

In  figure  1  we  show  aeff^t2l^  characteristic  of 
the  Yb-He  system  for  various  0°^  depolarizing 

collisions,  contribute  to  the  measured  cross-section, 
in  the  short  t^  limit.  For  longer  t^^*  both  de¬ 
polarizing  and  velocity-changing  collisions  contribute 
to  aeff(c2i)'  For  l°n8  t2j»  °eff  represents  the  state's 

total  quantum  mechanical  cross-section,  o  z  #  The 

tot 

cross-section  for  velocity-changing  collisions,  a  is 
7  vcc 

the  difference  between  ctot;and  aD  •  A  summary  of  our 
measurements  is  given  in  Table  1. 

In  closing  we  note  that  our  measurements,  repre¬ 
sentative  of  the  rank  one  and  rank  two  tensor  moments  of 

the  P  state  show  interesting  differences  with  data 

1  3 

obtained  in  similar  studies  sensitive  to  the  rank  zero 
moment  of  the  same  state.  Future  work  is  planned  on 
this  subject. 
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SCATTERING  OF  ORIENTED  NE  *  ATOMS  IN  ONE  3  =  2fl\^  STATE 

Ch.  Bender,  W.  Beyer,  H.  Haberland,  D.  Hausamann,  and  H.P.  Ludescher 
fakultat  fur  Physik,  Universitat  Freiburg,  Germany 


One  Mj  level  nf  the  NeF2p  3s,J=2)  state  can  be  se¬ 
lected,  given  any  desired  orientation,  and  scattered 
from  another  atom  by  the  apparatus  shown  schematically 
in  Tit],  1.  An  electron  impart  excited  supersonic  neon 
beam  is  crossed  with  a  CW  single  mode  dye  laser  beam  in 
a  homogeneous  magnetic  field.  The  laser  pumps  a  neon 
5s  --  5p  transition,  which  is  followed  by  cascade  to 
the  ground  state,  lhe  /eeman  ‘iplitting  -  indicated  above 
the  figure  -  allow*;  the  selective  removal  of  'My-  state. 
In  the  scattering  center  thi*ec^j.s  a  rotatable  maqnetic 
fir  If.  The  guard  i  -.at  1 1  .ii ,  axis  t  f  the  M  sublevels  follows 
t’r  1  w  a  1  '•  agr  iet  i  <  field-,  adi  shat  iri  l  T\  .  The  diffpren- 
*  lal  t  :  v.  .  .ei  t  i  s  «r  *  is  either  men  .ured  as  a  function  of 
ff'e  a!  fet  mg  angle  ui  the  'Inert  ion  of  the  quant l sa¬ 


il  nq  event,  the  magnetic  field 
i  g- >•  id  quant  isnt  ion  axis.  Instead 
.t.»tr  loojiles  t  tj  the  int  ernuc  lear 
•ver  all  f  •  r  >a  1  M  }  states, 
lespei  t  t  the  magnet  ir  f  leld 
■ihm  -hi  i’il,  bv  using  the  same 
i  'agort  i;  field  in  front  of  the 


•  _  -.ri  a  to*-  1 1  f  t  r  i  er .  t  i  a  1  Moss  section,  when 

f 'a  ■■  i.jor*  ;  *[-•!■!  i,  i  .»■  i  pend i ;  o  1  a  r  to  tf>e  initial 

a  f’*i .  t  .,t  1  •  a-l.ii  it.  i.erfi.;.  V  cm  \  largo  differences  car. 
be  .ern,  leper  ,d ,  r  a ;  or,  wt.iiti  N  state  is  selected.  Tfie 
t  i  *  regular  os-  i  1 1  at  lor*,  result  from  the  nuclear  s\m- 
i-t  ;  \  .i‘  the  problem.  The  other  structure  is  caused  bv 
.  t ,{ f’t  t  ei  run-  t  i  or  different  potent  mis. 

I  r  u'  orientation  dependence  of  the  cross  section 
at  .tattering  angle  >*t  =  IS0°  i r;  shown  in  fig.  3. 

'nr  angle  U  i  .  the  direct  ion  of  the  initial  orientation 
with  inspect  to  the  direction  of  the  Ne*  beam  as  indi¬ 
cated  in  1  i g ,  1.  The  solid  line1;  have  been  calculated 
from  a  simplified  " lor k ing-radius"  model,  which  has 
beet i  fitted  at  B=50!>.  Note  the  strong  Mj  and  orienta- 
t  inn  dependence  of  the  differential  cross  sections, 
which  is  up  to  a  factor  of  7.  The  locking  radius  obtain¬ 
ed  from  these  data  is  not  much  different  from  the  clas¬ 
sical  turning  point,  much  smaller  than  that  for  t tie  ex¬ 
cited  alkali  case.  A  simple  physical  picture  will  be 
presented,  which  is  able  to  explain  this  unexpected  dif¬ 
ference  . 


FIGURE  I  Principle  of  the  experiment.  The  rotatable 
magnetic  field  in  the  scattering  renter 
allows  to  vary  the  orientation  of  the  My 
states  continouslv. 
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FIGURE  2  Differential  cross  section  at  ly^rMi  no\  for 
ttie  different  Mj  ’dates  and  one  fixed  orien- 
t  at  i on. 
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THE  influence  of  the  collisions  of 

METASTABLE  ATOMS  ON  THE  OPTOGALVANIC  EFFECTS 
HE  Maoqi,  WANG  Guoyi,  and  WANG  Zhaoyong 
Department  of  Physics,  Fudan  University,  Shanghai,  CHINA 


In  hollow  cathode  discharge,  the  signals  of  opto- 
galvanic  effect  depend  on  if  there  are  the  collisions 
with  metastable  atoms.  We  studied  systematically,  in 
the  range  of  5604A  to  6340A,  the  change  of  optogalvanic 
signals  in  sodium  transitions  without  metastable  atoms 
and  neon  transitions  with  metastable  atoms  respectively, 
observed  that  the  convert  current  needed  for  changing 
the  optogalvanic  signals  from  positive  into  negative 
will  be  descreased  gradually  when  the  lower  state  is 
a  metastable  state  to  far  from  a  metastable  state. 

There  are  also  the  saturation  and  non-saturation 
phenomena  in  sodium  and  neon  signals  respectively. 

Considering  the  various  aspects  of  collisional 
transfer,  collisional  ionization,  optical  excitation, 
collisional  relaxation  and  spontaneous  emmision  of  the 
upper,  lower  and  metastable  states,  we  established  an 
analytical  expressions  for  the  optogalvanic  effect  and 
discussed  various  situations  of  the  experiments  with 
these  expressions. 

If  the  lower  state  of  transition  is  not  relevant 
to  a  metastable  state,  i.e.  far  from  metastable  state, 
we  can  neglect  the  collisional  exchange  with  the  meta¬ 
stable  atoms.  The  2p  -►  3s,  4d  transitions  of  neon 
atom  and  all  the  transitions  of  sodium  atom  belong  to 
this  category.  In  this  case,  the  optogalvanic  effects 
are  negative. 


In  the  second  case,  the  lower  state  of  transition 

itself  is  a  metastable  state.  For  instance,  the  Is,, 

9  22  J 

Is,.  states  of  neon  atom  and  the  3d  4s  D state  of 

copper  atom  are  metastable  states  in  correponding  tran¬ 
sitions.  Then,  the  optogalvanic  effects  are  positive 
when  the  discharge  current  is  small  enough.  But  with 
the  increase  of  the  discharge  currents,  the  optogalvanic 
signals  will  be  changed  into  negative  one  by  one  accor¬ 
ding  to  the  collision  and  lifetime  of  the  metastable 
a  toms . 

If  the  lower  state  of  transition  is  not  a  meta¬ 
stable  state  but  there  exists  couplings  with  the  nearby 
metastable  states  in  some  extent  due  to  the  collisions, 
the  optogalvanic  signals  of  those  transitions  in  which 
the  lower  state  is  a  little  bit  far  from  metastable 
states  will  be  changed  firstly  from  positive  into 
negative  with  the  increase  of  the  discharge  current. 

The  magnitude  of  the  convert  current  needed  for  such 
change  depends  cn  how  far  the  lower  state  is  from  the 
metastable  State.  The  closer  from  the  metastable  state, 
the  larger  convert  current  are  needed. 

The  expressions  we  established  for  the  optogalvanic 
effect  are  coincidence  with  these  experiments  satisfac¬ 
tory.  This  means  the  collisions  with  the  metastable 
state  atoms  play  an  important  role  in  the  optogalvanic 
effect. 
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Na  -NOBLE  GAS  DIFFERENTIAL  CROSS  SECTIONS 
M.  0*Cal laghan  and  A.  Gallagher'*' 

Joint  Institute  for  Laboratory  Astrophysics,  University  of  Colorado  and 
National  Bureau  of  Standards,  Boulder,  Colorado  80309  USA 


Two-step  optical  excitation  with  co-propagating 
laser  beams  is  used  to  obtain  differential  cross  sec¬ 
tion  information  for  Na(3Pj  /2>  t  NaOP^yj)  transfer  due 
to  noble  gas  collisions.  Na  atoms  of  a  particular  vz 
velocity  are  optically  excited  to  the  3Pj^2  state,  with 

v  *  0  to  2v  .  A  second  laser  excites  to  the  4D 

z  thermal 

state  atoms  that  have  been  collisionally  transferred  to 
the  ^3/-)  state,  and  vice  versa.  330  nm,  4D  *•  4P  ♦  3S 
cascade  fluorescence  is  then  detected.  As  shown  dia- 
gramatically  in  Fig.  1,  the  vz  distribution  of 
NaOPj^)  atoms  resulting  from  the  inelastic  collision 
is  observed  by  scanning  the  second  laser.  In  Fig.  2  an 
example  spectrum  is  shown  for  He  perturbers  and  0  and 
-2.0  GHz  detuning  of  uij  from  3Sj/2(F-2)  to  ^P3/2^F*^» 
o)2  scans  the  region  of  the  *  ^°3/2  transltton- 

This  method  of  obtaining  differential  cross  sec¬ 
tion  information  has  previously  been  used'  to  study  a 
rotational ly  inelastic  cross  section  in  C02.  Due  to 
the  angular  and  collision-velocity  averaging  in  such  a 
cell  experiment,  the  data  represent  an  average  over 
differential  cross  sections.  In  an  atomic  beam  experi¬ 
ment,  currently  under  construct i on,  the  differential 
cross  section  for  elastic  and  inelastic  excited-state 
collisions  can  be  observed  directly.  Beam  experiments 
based  on  similar  methods  have  been  used  to  measure 
product-state  distributions  in  atom-molecule 
2 

collisions. 

This  work  was  supported  in  part  by  National 
Science  Foundation  grant  PHY82-00805. 
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Figure  1.  Schematic  diagram  of  the  spectroscopy  used 
to  observe  the  collisional  deflection. 
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Figure  2.  4P  fluorescence  versus  for  ^  detunings 
of  0  and  -2  ,D  GHz  from  the  3Sj/2  "  ^3/2  transition  and 
O.S  Torr  He.  Data  influenced  hv  3S  hvperflne  structure 
are  dashed. 
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FINAL  STATE  DISTRIBUTION  FOR  NaOPj)  +  Na(3PJf)  ♦  Na(nLj..)  ♦  Na(3S1/2) 

Steven  A.  Davidson,  J.  F.  Kelly  and  A.  Gallagher* 

Joint  Institute  for  Laboratory  Astrophysics,  University  of  Colorado  and 
National  Bureau  of  Standards,  Boulder,  Colorado  80309  USA 


Relatively  good  agreement  exists  *  for  measure¬ 
ments  of  the  total  rate  coefficient  for  3P  +  3P  ♦  3S  + 

(  5S  or  4D).  Those  measurements  did  not,  however,  take 
into  account  the  effect  of  the  J  values  of  the  3P  reac¬ 
tants,  nor  did  they  determine  the  product  states'  J 
value.  In  the  current  research,  we  have  measured  the 
relative  rate  coefficients  for  producing  the  5Sj^2, 

^3/2*  ^5/2*  ^5/2*  an<*  ^7/2  states  from  different 
combinations  of  Na(3Pj)  +  Na(3Pjt)  collisions. 

The  experiment  was  done  in  three  steps.  Step  one 
involved  populating  3Pj^2  or  ^3/2  ancl  measurlnR  inten¬ 
sity  ratios  of  4D  ♦  3Pjy2  3/2'  (^*3D)  ♦  3/2*  anc* 

5S  ♦  ^^3/2  fluorescence  at  [Na]  ■  2.8,  6.4,  and  16  x 
1 2  —3 

10  cm  .  In  the  next  step,  conditions  were  the  same 
and  we  measured  the  4D  ♦  3P  fluorescence  intensity  from 
a  known  ratio  of  3Pj/2  and  3P^/2  density.  In  the  third 
step  we  raised  the  sodium  density  to  >2.5  x  10^  cra”^ 
where  an  essentially  statistical  mixture  of  the  3Pj^2 
and  3^3/2  states  occurred,  and  thus  a  large  fraction  of 
collisions  (~45 Z)  are  between  3P 3  / 2  and  ^P3/2  atoass* 
Intensity  ratios  were  taken  as  in  step  one. 

The  observed  rate  coefficients  appear  in  Tables  1 
and  2;  typical  uncertainties  are  on  the  order  of  10Z. 
All  measurements  were  made  at  Tcen  *  640°K  in  a 
stainless  steel  cell  with  hot  sapphire  windows.*  At 
the  sodium  densities  used,  the  vapor  is  optically  thick 
and  substantial  resonance-radiation  diffusion  occurs. 
This  was  not  a  problem  since  in  steps  one  and  three  the 
intensity  ratios  are  independent  of  3P-atom  distribu¬ 
tion  and  in  interpreting  the  data  of  step  two  we  used 

(and  confirmed)  the  ratio  of  Infinite  slab  D-line  ef- 

3 

fective  decay  rates,  as  our  cell  has  an  infinite  slab 
internal  architecture. 

Cascades  from  higher  states  have  a  negligible 
effect  on  the  4D  and  4F  fluorescence  intensities,  but 
the  rate  coefficient  for  the  5S  state  include  0.6  k^p. 
This  is  expected  to  be  a  small  correction  to  k^g  due  to 
the  large  5P  state  activation  energy. 

This  work  was  supported  in  part  by  National 
Science  Foundation  grant  PHY82-00805. 
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Stylized  potentials  for  Na2. 


Table  1.  Ratio  of  rate  coefficients  relative  to 


k5s(3/2,3/2). 


J 

J’ 

5S!/2 

4D3/2 

4n5/2 

4F5/2 

4F7/2 

1/2 

1/2 

3.2 

1 .3 

1 .9 

0.96 

1  .4 

3/2 

3/2 

1 

0.91 

1.3 

0.39 

0.44 

Table  2. 

Ratio  of 

rates  from 

statistical 

mixture  of 

3p  j 

y2  a  nd 

3p  3 / 2 • 

5S 

1/2 

4n3/2 

4n5/2 

4fS/2 

4F7/2 

1 

0.64 

0.88 

0.37 

0.43 
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COLLISIONS,  TRANSITIONS  BET'.VEEN  ATOIIC  STATES 
INTERACTING  VIA  RYDBERG  CONTINUUM 

G.K. Ivanov  and  G.V. Golubkov 

Institute  of  Chemical  Physics,  Academy  of  Science,  Moscow  USSR 


To  describe  atomic  processes  involving  mo¬ 
lecular  Rydberg  states 

X  Y  -  (e“  +  XY+)  -  X't-  Y'  (1) 

the  equation  for  the  collision  T-operator  ob¬ 
tained  in  /I/  is  generalized  in  the  following 
way  (ft  =  ffle  =  e  =  1 ) 

T  =  K  r X cfyxv, //*■><&/ T- 
-  i  k  X T  (?) 

Here  V,  =  [Z(£v-E)j^ ,  £  is  the  nuclei  vib¬ 
rational  energy  and  E  (IEI  <<  1 )  is  the  rela¬ 
tive  energy  of  atoms  X  and  Y  (which  are  measu¬ 
red  from  the  zero  vibrational  level  of  XY+), 

AV=  tfeJu  .  £  =  £„  ,  e* 

is  the  Coulomb  radial  wave  function  of  zero 
energy,  )£*,  is  the  electron  angular  function 
(in  body-fixed  frame),  X  is  the  vibrational 
wave  function  of  the  ion  XY+, 

i< = vWsfyrf/y  (3) 

v.-he-e  7  i«  the  operator  of  the  interaction 
between  the  electron  and  the  ion  core,  £  is 
the  real  part  of  the  Green's  function  which 
describes  the  nuclear  motion  in  the  X  Y 
(  f  -th)  channel,  i^e  is  the  electron  wave 
function  of  this  channel,  k  if  J*>  =  (///</> 

(  lfJ>  =  TT^-H^ X  *  wiiere  JCj  is  the  nuclear 
wave  function  of  y*  -state  at  the  energy  E). 

The  first  term  in  (5)  is  responsible  for 
the  direct  interaction,  the  following  ones  - 
for  the  resonant  (configuration)  interaction. 

I  rrhe  eq.(R)  ensures  the  unitarity  of  the  3- 

r.atrix  (3=1-  2if).  The  T-aatrix  is  expres¬ 
sed  through  the  K-matrix  elements  defined  as 

*«■  '<#/%>,  VtfWW?} 

Here,  as  well  as  in  /I/,  all  the  necessary  r:  - 
rameters  of  the  theory  are  reconstructed  from 
the  adiabatic  picture  of  torms. 

For  the  process  (1)  proceeding  through  Ryd¬ 
berg  states  with  if  =  0  anu  f  ixed  (  at  enerry 
E  <  0  we  obtain 


y  _  _ _  j 

In  .he  neighbourhood  of  the  isolate'  V  -  - 
resonance  (■+)  assumes  a  familiar  3reit-Wigner 
form. 

At  the  energy  0  <  E  < cO  (  U  is  the  vibra¬ 
tional  quantum  of  *CY+)  when  the  simultaneous 
population  of  the  continuum  with  if  -  G  mi 
the  Rydberg  series  •vita  lr  =  1  occures,  wc 
obtain 


J  i  -  Ksc,ec  (5 ) 

/  kfu.fi V I  «  /  . 

It  is  suitable  tc  introduce  the  probabili¬ 
ties  avera-ed  over  l .sc  resonanses 


(f/ujtyf 


*'  i \ 


where  /  .  w  If  / 

According  to  (u)  t.he  double  interccnf igu ra¬ 
tion  transition  is  neca.tnnry  for  the  ropulati- 
on  of  the  continuous  spectrum  (the  first  term 
in  (.,  '■  :if  for  ...3  population  cf  quacidiccre- 
te  Rydberg  :  :v;:o  c., ;  ;-,cn:,;  _pr:  ■  tion  tran¬ 

sition  is  enough. 
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TWO  ELECTRON  MODEL  CALCULATIONS  OF  Li(2s-2p)  AND  Na(3s-3p)  EXCITATION 
IN  Li-Na  HIGH  ENERGY  COLLISIONS 


-V.V.'J 


Svend  Erik  Nielsen,  Martin  Larsen  and  John  S.  Dahler 


Chemistry  Laboratory  III,  H.C.0rsted  Institute,  University  of  Copenhagen,  2100  Copenhagen  0,  Denmark 


Department  of  Chemistry,  University  of  Minnesota,  Minneapolis,  Minnesota  55455,  USA 


A  two-electron  model  of  direct  excitation  in  Li-Na 


collisions  has  been  developed  based  upon  one-eLectron 


model  eigenstates  of  the  separated  atoms.  The  electro¬ 


nic  scattering  state  is  expanded  in  a  valence-bond  type. 


anti symmetrized  and  translational  phase  factor  modified. 


two-electron  atomic  basis.  The  time-dependent  Schrodin- 


ger  equation  is  solved  by  the  impact  parameter  method 


assuming  a  rectilinear  trajectory  and  constant  relative 


velocity  of  the  heavy  particle  motion.  Solutions  of  the 


resulting  close-coupled  equations  for  the  expansion 


coefficients  have  been  obtained  in  the  high  energy  limit 


for  various  sets  of  basis  functions  Li (2s/2p)Na (3s/3p) , 


involving  single  and  double  (simultaneous)  excitation 


_,f  the  alkali  atoms.  The  aim  has  been  to  obtain  first 


estimates  of  Li(2s-2p)  and  Na(3s-3p)  excitation  cross 


sections  and  polarizations  as  functions  of  collision 


energy,  and  to  probe  the  details  of  the  direct  excita¬ 


tion  mechanism  for  quasi-two-electron  systems. 


Experimental  studies  of  the  Li-Na  collision  system 
nave  shown  double-maximum  structures  for  the  Li(2p)  and 


Na(3n)  emission  cross  sections  ( 9/ A  in  figure  l)  as 


functions  of  energy,  tentatively  interpreted  as  Massey- 


maxima  for  single  and  double  excitation.  In  figures  1 


and  2  we  compare  the  predictions  of  5-state  close¬ 


coupling  calculations  (S)  including  single  excitation 


states  only  (Li (2p)Na (3s)  and  Li (2s) Na ( 3p) ) ,  6-state 


close-coupling  calculations  (D)  including  double  excita¬ 


tion  states  only  (Li (2p)Na ( 3p) ) ,  and  10-state  close¬ 


coupling  calculations  (SD)  including  single  as  well  as 


double  excitation  states. 


We  notice  (figure  2)  the  long  range  behaviour  of 


the  double  excitation  probability  {*) ,  and  at  small  im¬ 


pact  parameters  the  strong  enhancement  of  the  double 


excitation  probability  at  the  expense  of  Li  (©)  and  Na 


(+)  single  excitation  (compare  S/D  and  SD) ,  indicating 


an  effective  two-step  mechanism  for  double  excitation. 


The  5-state  single  excitation  calculations  (S) 


predict  the  relative  magnitudes  of  Li(2s-2p)  and 


Na(3s-3p)  excitation  cross  sections  (  O  /  ■+■  in  figure  1) 


in  fair  agreement  with  the  experimental  results  above 


10  keV.  The  absolute  magnitudes,  however,  are  too  large 


by  a  factor  of  two  to  three.  The  10-state  (SD)  single 


excitation  cross  sections  shown  in  figure  1  match  the 


experimental  results  at  50  keV  within  the  experimental 


uncertainty.  We  may  expect  the  present  10-state  calcu¬ 


lation  to  overestimate  the  Li(2p)Na(3p)  double  excitation 


contribution  for  two  reasons,  the  high  energy  model  it¬ 


self  discarding  the  phase  factor  modified  exchange  coup¬ 
lings,  and  the  neglect  of  close-lying  higher  excited 


states  competing  with  the  Li(2p)Na(3p)  channels. 
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EXCITATION  AND  DEEXCITATION  OF  ORIENTED  ATOMS  IN  ENERGETIC  COLLISIONS: 

THE  ROLE  OF  THE  MASSEY  PARAMETER 

Nils  Andersen*  and  Svend  Erik  Nielsen** 

Institute  of  Physics,  University  of  Aarhus,  and  Physics  Laboratory  II,  H.C.Orsted  Institute,  Copenhagen,  Denmark 
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In  recent  years  there  has  been  considerable  specu¬ 
lation  about  production/destruction  of  oriented  atomic 
states  in  electron-atom^"  and  atom-atom^  collisions,  and 
the  physical  origin  of  this  orientation.  For  electron- 
atom  collisions  this  has  been  done  in  terms  of  repul¬ 


sive  and  attractive  forces. 


1-3 


Low-energy  atom-atom 

2,4 

collisions  may  be  interpreted  by  molecular  models. 

This  contribution  addresses  the  excitation  and  deexci¬ 
tation  of  oriented  atomic  states  in  energetic  atom-atom 
collisions . 

In  quasi-one-electron  systems  the  excitation  at 
large  impact  parameters  dominantly  takes  place  via  di¬ 
rect  transitions  among  the  involved  states.5  For  the 
simple  case  of  alkali  ground  state  -  resonance  state 
(ns-np)  transitions  in  alkali  -  rare  gas  collisions  one 
may  as  a  first  approximation  limit  the  basis  to  the 
three  (lab-fixed)  states  ('s>,  |C>#  I*D>)  -  (|ns>, 

2  **  ( !  np  >-i|np  >) ,  2  ^(-Inp  >-i I np  >)).  In  this  basis3 
the  mathematics  and  physics  take  a  simple  and  trans¬ 
parent  form:  Denoting  by  0  the  rotation  angle  of  the 

internuclear  axis  (figure  1)  one  obtains  the  close- 


V® 


Figure  1 


Q  - 

|C> 


coupled  equations  iv  =  A^  a^  for  the  scattering 

amplitudes  a  =  (ag,  a^,  a  )  ,  where  in  usual  notation 
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and  U  =  2  <np..  V  ns  > 

os  0 

.  r  .mol  ,  _mol  .  ,  .  , 

U10  “  '><<nP1v:"P1>  -<nP0  V  npQ>  ‘’(UU'U00) 

are  matrix  elements  of  the  electron  -  rare  gas  interac¬ 
tion  V  in  the  molecular  frame  of  reference. 

From  these  equations  we  can  read  several  things: 
The  excitation  probability  has  its  maximum  when  the 


phase  ( 


\E  z 


-  0)  is  stationary  during  the  collision. 


Figure  2 


Final  Stales 

ls> 

IC> 

!C> 

|S> 

ID> 


Since  0  changes  by  "Vtt  this  implies  -  rr  (a  being 

the  effective  interaction  length  of  V)  which  is  the 
Massey  maximum  rule.  So  when  this  criterion  is  fulfilled, 
the  'C  >  state  is  excited  with  nearly  maximum  probabi¬ 
lity,  -~>(/  °°  U  dzi  while  the  'C>  state  is  suppressed 
1  yjc  -°°  OS  , 

since  the  phase  (  +  6)  changes  by  ■2". 

This  and  other  observations  are  illustrated  in 
figure  2  for  excitation  and  deexci tat l 'n  m  Na-He  colli¬ 
sions,  followed  along  the  trajectory.  Initial  conditions 

correspond  to  -a  ~  ^ ,  b  =  ?.?  a.i.,  f  -  . "  k«V, 

1  hv  r  err. 

and  V  is  the  Baylis  model  potential.  With  the  present 
choice  of  basis  functions  ).  order  estimates  have  a 
surprising! v’  large  range  of  validity. 

A  detailed  discussion  bisod  >n  the  i  >rnal  1  ‘■m.  »lv  v- 
of  excitation  and  deexcitati.fi  pi  a  •:  1  m.  t  i  t.  : 

impact  parameter  and  oner  jy  will  :  r- •  ■  ri  t  **•  i  at  *.  h* 

conference . 
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H(2s)  FORMATION  IN  NON-ADTABAT IC  GROUND  STATE  HYDROGEN  ATOM  COLLISIONS 

B.M.  McLaughlin  and  K.L.  Bell 

Department  of  Applied  Mathematics  and  Theoretical  Physics 
The  Queen's  University  of  Belfast 
Belfast  BT7  INN  Northern  Ireland 


Recently  McLaughlin  and  Bell1  have  performed  non- 
exchange  and  first  order  exchange  calculations  on  total 
cross  sections  for  H(2s)  and  H(2p)  production  in 
collisions  between  ground  state  hydrogen  atoms.  The  non¬ 
exchange  close  coupling  impact  parameter  calculations 
confirmed  that  coupling  via  higher  intermediate  states 
was  unimportant.  Whereas  the  first  order  exchange 
calculations  performed  within  the  Bates,  Crothers,  Rudge- 
Ochkur*  approximation  confirmed  that  electron  exchange 
was  important  below  about  100  keV.  These  calculations 
of  McLaughlin  and  Bell'  confirmed  that  below  about 
15  keV  a  more  refined  theory  is  required  for  the  treat¬ 
ment  of  electron  exchange.  In  addition  it  is  necessary 
to  consider  the  effect  of  the  rotation  of  the  inter- 
nuclear  axis  during  the  collision.  This  is  neces:  ary  in 
order  to  account  for  the  reluctance  of  the  electrons  to 
follow  the  rapid  rotation  of  the  internuclear  axis  leaving 
the  electrons  localised  in  space,  especially  at  small 
impact  parameters  c ,  i.e.  close  collisions. 

To  formulate  and  carry  out  calculations  for  a  non- 
adiabatic  theory  on  cross  sections  for  H-H  collisions 
present  a  formidable  task.  We  have  therefore  employed 
a  simple  two-state  svnmeterised  travelling  atomic  basis 
set,  with  Bates  and  Mt'Carroll*  electron  translational 
factors  within  the  time  dependent  impact  parameter 
formalism.  We  have  used  a  travelling  atomic  basis  set  at 
present  as  opposed  to  the  more  natural  and  sophisticated 
travelling  molecular  basis  set  having  var iat ional ly 
optimised  switching  functions,  (of  Crothers  and  Hughes1*',’ 
Cri'thers  and  Todd’)  so  as  to  provide  a  benchmark  for 
tut  ure  cal cul at  ions . 

1  r  H(2si  t  orn.ut  ion  the  cross  sections  depends  on 
valuation  o:  the  electron  exchange  matrix  elements 
tiv"  which  ire  < omputat ional lv  difficult  to  evaluate. 
•’St  difficult  ot  these  exchange  matrix  elements 
•l  citron  rp  exchange  matrix  elements. 
•le«tron  exchange  matrix  elements  may  be 
:  1  v  is  in.  the  method  ot  (in-on  et  al  unlike 
ippf •  -•  i  at «  ”  evaluation  made  by  Ritchie-* 

:  i.-ns  ’or  il(Js)  production  in  H-H 
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i-ntrate  on  tin-  single  excitation  process 

*  V  K ’  •  v *  'V  lsl 

is  set  for  the  singlet  and  triplet  states 
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with  N-,  N-  being  appropriate  normalization  factors, 
i j ( r )  are  the  bound  hvdrogenic  states. 

The  cross  section  for  Is  ►  2s  excitation  is  then 
given  by 


Q( 1 s  *  2s)  =  ‘  Q 
who  re 


(♦>  .  1  ,A-) 


At) 


f  ± , 
2-  l;  ‘  Jl(< 


Calculations  are  in  progress  and  results  will  be 
presented  at  the  conference. 
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LYMAN- ALPHA  EMISSION  FROM  LOW-ENERGY  H  COLLISIONS  WITH  RARF-GAS  ATOM S 


B.  Van  Zyl ,  M.  W.  Gealy,  and  H.  Neumann 
Department  of  Physics,  University  of  Denver,  Denver.  Colorado  80208.  USA 


Excitation  of  ground- state  hydrogen  atoms  (H)  to 
the  2p  state  in  collisions  with  rare-gas  atoms  was 
examined  by  observation  of  the  Lyman- alpha  (L^)  emis¬ 
sion  resulting  from  the  interactions.  The  H-atom  en¬ 
ergy  range  extended  from  below  0.05  to  2.5  keV. 

The  H  atoms  were  produced  by  photodetachment  of 
electrons  from  H~  ions,  which  were  collimated  into  a 
beam  of  the  desired  energy  and  trajectory  prior  to  the 
photodetachment  region.  The  light  source  employed  was 
a  yt  tri'jm- a  luminum- garnet  laser  (1064  nm)  operated  in 
a  5  0%  duty- cycle  mode,  with  the  H”  ions  traversing  the 
laser  cavity.*  After  deflecting  the  remaining  H”  ions 
into  a  collector,  the  fast  H  atoms  entered  a  target 
cell  containing  low-density  rare-gas  atoms. 

The  Lrt  photons  were  observed  at  90°  to  the  H- beam 
axis  with  an  absolutely- ca 1 ibrated  detector  consisting 
of  a  LiF  gathering  lens,  a  broad  bandpass  interference 
filter,  a  narrow  bandpass  Qj- gas- cell  filter,  and  a 
solar-blind  photomultiplier  with  a  MgF2  window.  The 
polarization  of  the  emitted  L*  was  measured  by  insert¬ 
ing  a  Brewster- angle-mounted  LiF  window  in  front  of 
the  photomultiplier  tube. 

The  photon  detector  was  calibrated  absolutely  by 
observing  La  from  H  +  Ne  collisions  as  a  function  of 
distance  into  the  target  cell.  For  H-atom  energies  in 
the  1.5  keV  range,  col  1 isiona 1 ly  excited  H  atoms  from 

2 

this  reaction  are  formed  primarily  in  ns  states.  For 
n  ^  3,  these  ns  states  have  long  radiative  lifetimes 
and  decay  preferentially  to  the  2p  state,  causing  the 
Loj  signal  from  such  cascade  processes  to  increase  with 
distance  into  the  target  cell.  Because  the  cross  sec¬ 
tions  for  excitation  to  the  3s  and  4s  states  have  been 

3 

measured  previously,  and  those  for  higher  ns  states 
can  be  estimated  by  extrapolation  with  a  simple  model, 
the  absolute  amount  of  this  signal  increase  with 
distance  can  be  calculated.  Comparison  of  this  calcu- 
'ated  result  with  the  measured  La  signal  increase  with 
distance  into  the  target  cell  gives  the  total  detector 
efficiency  to  within  -147,  uncertainty. 

The  cross  sections  for  Balmer-alpha  and  Balmer- 
beta  emissions,  which  result  largely  from  ns  -►  2p  and 
nd  2p  hydrogenic  transitions,  for  H-atom  collisions 
with  all  rare- gas  atoms  were  reported  earlier.  Thus, 
the  cross  sections  for  2p- state  population  via  these 
cascade  processes  can  be  computed.  Subtraction  of 


these  cross-section  values  from  the  measured  results 
for  total  L^,  emission  reported  here  allows  the  direct 
2p- state-excitation  cross  sections  to  be  determined. 

For  H  +  He  collisions,  more  than  907  of  the  ob¬ 
served  Lq(  emission  results  from  direct  excitation  of 

the  2p  state  for  all  H-atom  energies.  The  2p-state- 

-  1  7  2 

excitation  cross  section  is  about  5  x  10  cm  for 
H-atom  energies  above  0,1  keV,  below  which  it  drops 
rapidly  with  decreasing  energy. 

However,  for  the  other  rare-gas  targets,  cascade 
population  of  the  2p  state  is  an  important  contributor 
to  the  total  L^  emission.  For  H  +  Ne  collisions,  cas¬ 
cade  population  of  the  2p  state  from  higher  ns  states 
accounts  for  about  407,  of  the  total  La  emission  for  H- 
atom  energies  in  the  1  keV  range.  The  2 p- state- exci¬ 
tation  cross  section  for  this  reaction  is  the  smallest 
observed . 

For  Ar,  Kr.  and  Xe  targets,  cascade  population  of 
the  2p  state  from  higher  nd  states  is  the  dominant 
source  of  L*  for  H-atom  energies  below  about  0.5  keV, 

For  these  reactions,  the  2p- sta te- exc i ta t i on  cross 

-  1 6  2 

sections  reach  maxima  close  to  10  cm  for  H-atom 
energies  near  2  keV  but  exhibit  secondary  maxima  at 
energies  below  0.1  keV  as  well. 

The  polarizations  of  the  L^  emissions  generally 
ranged  between  about  0  and  0.1  for  most  reactions  and 
did  not  exhibit  a  strong  H- atom- energy  dependence. 

The  exception  was  H  +  Ne  collisions,  where  the  polari¬ 
zation  exceeded  0.2  for  H-atom  energies  below  0.2  koV. 
These  positive  polarization  values  indicate  that  the 
mg  =  0  sublevel  of  the  2p  state  is  more  heavily  popu¬ 
lated  in  the  collisions  than  the  *  t]  sublevels. 
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ELECTRON-SPIN  SPECTROSCOPY  IN  PENNING  IONIZATON  WITH  He(23S)  METASTABLE  ATOMS1 


L.  G.  Gray,  R.  S.  Keiffer,  J.  M.  Ratliff,  F.  B.  JXtnnlng  and  G.  K.  Walters 
Department  of  Physics,  Rice  University,  Houston,  Texas  77251  USA 


Studies  of  spin  dependences  in  Penning  ioniza¬ 
tion  reactions  of  the  type 

He(23S)  +  X  -  He(llS)  +  X+  +  e"  (1) 

are  being  used  to  probe  the  dynamics  of  this 
process,  and  to  Identify  the  channels  through  which 
Ionization  occurs.  In  the  present  work  the  elec¬ 
trons  on  the  He(23S)  atoms  are  spin  labelled  and  the 
polarization  of  the  ejected  electrons  is  determined. 

The  apparatus  is  described  In  detail  else¬ 
where.  Briefly,  a  microwave  discharge  is  used  to 

generate  He(23S)  atoms  in  a  flowing  helium  after¬ 
glow.  The  23S  atoms  are  optically  pumped  to  prefer¬ 
entially  populate  either  the  Mj(Mg)  =  +1  or  -1 
state.  Target  gas  is  then  introduced  downstream 
into  the  afterglow  leading  to  Penning  reactions. 

The  resultant  electrons  are  extracted  from  the 
afterglow  through  a  differentially-pumped  aperture 
and  their  polarization  measured  using  a  Mott 
polar imeter. 

The  polarization  of  the  2  3S  atoms  resulting 
from  optical  pumping  is  determined  by  injecting 
argon  into  the  flow  tube  and  measuring  the  polar¬ 
ization  of  the  Penning  electrons.  Since  Penning 
reactions  Involving  argon  are  known  to  conserve 
spin,  the  extracted  electron  polarization  equals  the 
initial  polarization  of  the  2 3S  atoms,  typically 
30  X. 

The  polarizations  of  the  electrons  produced  to 
Penning  reactions  with  a  number  of  target  species, 
normalized  to  an  initial  metastable  atom 
polarization  of  100%,  are  shown  In  Table  I. 

Table  I.  Polarization  of  electrons 
produced  in  Penning  reactions  involving 
polarized  He(23S)  atoms 


K 

Rb 

Cs 

°2 

C12 

CF^Cl 

2. 

93 

71 

loo 

11 

74 

90 

t  7% 

±  9% 

t  5% 

t  5J 

±  3% 

±  4  Z 

3. 

Consider  Initially  the  data  for  the  alkalis. 

In  the  case  of  Cs  the  ejected  electron  polarization 
is  equal,  within  experimental  error,  to  that  of 
the  23S  atoms.  This  indicates  that  Penning 


reactions  must  proceed  via  the  so-called  exchange 
channel 

He (2  3S)  {  +  +  }  +  Cs  { + }  -*• 

He(l1S){t+}  +  Cs+  +  e~  {t}  (2) 

in  which  the  Cs  valence  electron  tunnels  into  the 
core  hole  of  the  23S  atom  with  simultaneous  ejection 
of  the  2s  electron.  For  Rb  the  ejected  electron 
polarization  is  significantly  lower  indicating  that 
other,  non-spin-conserving,  ionization  channels  must 
be  operative.  This  confirms  the  conjecture  of 
Johnson  et  al. 3  who  noted  thaL  a  number  of  Rh  auto- 
ionizing  levels  of  configuration  4p^5sni  lie  close 
in  energy  to  the  23S  level  and  suggested  that 
Penning  reactions  might  proceed  via  energy  transfer 
to  a  core-excited  state  followed  by  autolonl zatlon. 
Spin-orbit  coupling  in  the  4p5  core  can  lead  to  a 
loss  of  spin  polarization  through  polarization  of 
the  orbital  moment,  resulting  in  a  reduction  in 
ejected  electron  polarization.  Penning  ionization 
via  aulotonizlng  channels  may  also  be  possible  for 
K,  although  only  a  few  X  autoionizing  states  lie 
sufficiently  close  in  energy  to  the  23S  level.  The 
data  suggest  that  such  a  channel  might  be  operative 
for  K,  but  to  a  much  lesser  extent  than  for  Rb. 

The  molecular  targets  listed  in  Table  I  were 
selected  because  energy  distribution  measurements*4 
showed  that  Penning  reactions  involving  these 
species  can  proceed  via  an  ionic  channel.  The 
present  d*ta  show  that  reactions  do  proceed  by  other 
than  the  exchange  channel  and  further  work  is  in 
progress  tn  determine  the  relative  Importance  of  the 
exchange  and  ionic  channels. 
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RARE  GAS  METASTA8LE-METASTABEL  MODEL  POTENTIALS  AND 
ASSOCIATED  PENNING  IONIZATION  CROSS  SECTIONS 
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The  interaction  potential  and  Penning  cross  sections 
for  processes  of  the  type: 

X(i)*  +  X(j)*— »X(i)  +  X(j)+  +e 
are  of  considerable  scientific  and  technological  interest. 
The  case  where  the  X's  are  rare  gas  metastables,  are  the 
only  reactions,  which  to  the  author's  knowledge,  have 
been  experimentally  and  theoretically  studied.  Several 
pairs  have  been  studied  experimentally  by  Neynaber  and 
collaborators  ('>2)  yeilding  not  only  cross  sections 
but,  also  an  indication  of  the  potential  well  depth. 
Theoretical ly,  the  situation  is  worse.  Apparently  the 
only  quantum  calculation  to  yield  a  resonable  cross  sec¬ 
tion  and  potential  curve  is  the  work  on  He*  +  He*  by 
Garrison  et.al.f3^.  However,  many  years  ago,  Ferguson 
observed  (4)  that  the  classical  momentum  transfer  cross 
section  assuming  a  modified  Buckingham  potential  gave  an 
unexpectedly  good  value  for  the  He*  +  He*  reaction. 


The  present  work  first  directly  applied  Ferguson's 
technique,  where  the  necessary  data  in  the  form  of 
scalar  dipole  polarizability  was  availble,  to  cases 
where  experimental  results  existed.  Again,  agreement  is 
found  to  be  unexpectedly  good.  The  discrepencies  lie  in 
the  10-50  percent  range. 

Next,  by  taking  advantage  of  the  available  well 
depth  information  from  Neynaber's  work  and  the  one  po¬ 
tential  curve  from  Garrison  et.al.,  various  model  poten¬ 
tials  were  created. 

These  model  potentials  are  used  to  compute  a  semi- 
classical  momentum  transfer  cross  section.  The  phase 
shifts  are  evaluated  by  the  Cl enshaw-Curti s  quadrative 
technique. 

A  comparison  of  these  results,  the  primative  results 
and  experimental  values  is  presented.  An  attempt  is  made 
to  explain  why  such  good  agreement  with  experiment  is 
obtained.  Emperical  rules  for  the  region  of  safe  use  for 
this  approach  are  considered.  Finally,  a  discussion  of 
the  extension  of  the  method  to  other  atoms  and  excitation 
states  alonq  with  preliminary  results  are  presented. 
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IHI  AMIUl  AR  D1S1RIBUT II1N  OF  PENNING  El  LCTRONS:  STRONG  OE  PE  NOE  NET  jN  THE  ELECTRON  ENERGY  FOR  He(2  S';  +  Ar  ,  Kr,  Xe. 
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Fakultat  fur  Physik,  Hermann  Herder-Sir.  5,  D-7800  Freiburg 


I  Fie  angular  distribution  of  elertrons  from  Penn- 
mt;  iom/ation  processes 

A  •  +  B  *A  +  R*  +  r> 

has  been  studied  before  b>  Tbdinq  and  Niehaus  /!/. 

I  here,  the  angular  distribution  is  given  as  the  angle 
dependent  mtensitv  integrated  over t he  entire  electron 
energy  range  associated  with  a  particular  final  state 
of  the  ion  B  .  The  underlying  assumption  is  that  the 
angular  distribution  depends  at  most  only  mildly  on 
the  electron  energy.  A  theoretical  study  2  made  use 
of  the  same  concept .  , 

!  r  i  t  tie  present  study  we  find  for  the  first  time 
that  experimental  angular  distribution;,  of  Penmnq 
electrons  show  a  drastic  dependence  on  the  electron 
energy.  Ihe  effect  occurs  for  He  2^5  fullidituj  with 
t  tie  target  atoms  Ar  .  Kr,  and  Xe  in  a  i  anqe  of  collision 
energies  between  7(1  met  and  HH1  met.  At  lower  colli*. ion 
energies  Hus  effect  is  veiv  small  as  found  h.  Breqel 
and  Hot.  op  '<  . 

1  r  i  fig.  1  we  show  art  election  enerqv  spec  t  !  urn  f'-r 
He*  2^;*  +Ar  with  an  averaged  collision  enetq,  ,< 

ISO  met.  For  this  spectrum  t  tie  elect!  spectrometer 
was  set  to  an  angle  of  U>()°  with  respect  *  •  ne 

He*  2^S  beam  veloritv.  In  the  '.per  t  run  tv;  i  a  ri  val* 
of  electron  enerqv  are  market!  A  and  ft  .  ’he  mtens.t  . 
integrated  over  A  varies  bv  a  favtoj  nf  rnughU  two  a 
a  function  of  emission  angle.  (Iti  the  ether  hand,  the 
mtensitv  within  interval  H  is  stronqiv  peaked  for 
oackward  emission  i.e.  ‘=180°  and  dr  tips  to  l  H  of  its 
backward  intensity  when  measured  under  ‘dln.  A  -.imilar 
result  is  obtained  For  the  other  target  atoms  Kr  and 
Xe.  It  is  not  ewor  tin  that  no  comparable  effect  could  be 
found  for  Penning  i on i /at.  inn  by  the  other  met  ast able 
species  He*  2  G  . 

Fhe  interpretation  of  these  findings  is  in  pro¬ 
gress  . 

Support  of  this  work  by  thr  Deutsche  Forschunqs- 
qeme i rischaf t  is  gratefully  acknowledged. 
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PENNING  IONIZATION  CROSS  SECTIONS  FOR  COLLISIONS  OF  He(21,3S)  WITH  ALKALI  ATOMS: 

COMPARISON  OF  THEORY  AND  EXPERIMENT 
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Experimental  measurements ^  of  ionization  rates 
for  collisions  of  He(2^S)  atoms  with  alkali  atoms  show 
a  trend  of  increasing  ionization  rate  in  the  series 
sodium,  potassium,  rubidium,  in  marked  contrast  to  the 

waller  rate  observed  for  cesium.  Johnson  etal.' 
suggest  that  the  measured  ionization  rates  for  K  and  Rb 
may  contain  important  contributions  from  indirect  pro¬ 
cesses  such  as  core  excitation  followed  by  atomic  auto¬ 
ion  izat  ton : 

He  (  2  L; )  *  Knphis)  *  He(l's)  +  KHp^snO 

Some  such  core-excited  states  are  nearly  degen¬ 
erate  with  the  separated-atom  states  of  He(2^*  S)  and 
ground-state  K  or  Rh.  For  Na,  however,  the  energies  of 
these  core-excited  states  lie  ID  to  2D  eV  higher  and 
thus  .ire  not  expected  to  participate  in  the  ionization 
process.  Furthermore,  for  Cs  this  entire  series  [i.e., 
Cs(  'Sp'^sn  £)  1  lies  ahout  *>  eV  below  the  initial  elec¬ 
tronic  energy  of  the  system  and  is  therefore  out  of 
resonance  (at  least  initially).  Of  course,  there  are 
other  core-excited  states  of  Cs  which  could  become  in¬ 
volved  including  the  energetically  accessible  first 
excited  state  of  Cs+. 

The  experimental  observations  raise  interesting 
basic  questions  about  the  relative  roles  and  physical 
dynamics  of  two  types  of  Ionization  processes,  i.e., 
those  involving  molecular  autoionizing  states  and  those 
involving  atomic  autoionizing  states. 

A  previous  study  of  the  He(2  *  S)  +  Na  svstem, 
which  successfully  combined  modern  L“  methods  with 
Stieltjes  imaging  techniques,  vieldod  optical  poten¬ 
tials  for  the  relevant  states  and  theoretical  cross 
sections  that  agree  well  with  experiment. 

Encouraged  hv  the  favorable  results  of  this 
earlier  studv  ( where  the  core-excited  states  are  not 
important  to  the  ionization  process)  we  undertook  the 


present  studv  to  consider  the  more  difficult  problem 

of  He(2l »3S)  +  E .  In  this  case  there  are  several 

core-excited,  atomic  autoionizing  states  which  can 

have  an  important  effect  of  the  measured  ionization 

0 

rates.  The  techniques  of  Cohen  e t  al .  are  modified 
to  correctly  include  the  influence  of  these  additional 
channel s . 

The  calculation  of  the  cross  sections  involves 
five  steps:  (1)  a  spin  and  svmmetrv  Hartree-FocV  cal¬ 
culation  of  the  ground  state  of  KHe;  (2)  a  Cl  calcula¬ 
tion  of  the  resonance  states  which  dissociate  into  the 
appropriate  atoms  and  ions  fe.g.,  into  He(2^*^F)  +■  El; 
(3)  partitioning  of  the  Hamiltonian  to  define  a  reso¬ 
nance  space  and  a  continuum  space  followed  hv  cnnstruc- 
7 

tion  of  the  1."  width  matrix  elements;  (O  ^tielties 
imaging  which  vields  continuum  normalized  widths;  (M 
use  of  the  resulting  optical  potentials  to  calculate 
complex  phase  shifts  which  vield  the  absorption  cross 
sect i ons . 

Bv  selective  modification  of  the  partitioning 
scheme  Icf.  step  (3)  ahovel  we  are  aMe  to  explicitly 
examine  the  role  of  the  core-excited  atomic  autoioniz- 
ing  states. 

As  a  corollarv  to  the  ahnve  studv  we  have  also 
calculated  the  electron  energy  distributions  nredirted 
hv  the  optical  potentials  for  both  the  ue ( 2 ^ ^ 1  +  Na 
and  Hp(?1*^S)  +  K  systems. 

*Work  supported  hv  u.  e.  iy»Pt.  of  Energy. 
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IONIZATION  OF  NEON  IN  COLLISIONS  WITH  He*(23S) 
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The  excitation  energy  of  He  (2  S)  is  not  suffi¬ 
cient  for  Penning  Ionization  of  Ne  at  thermal  ener¬ 
gies.  However,  for  higher  collision  energies, 

calculations*  using  diabatic  state  correlation  diagrams 
show  the  incoming  potential  to  cross  into  the  continuum 
at  internuclear  separations  of  -  1.5  A.  This  could 
yield  substantial  ionization  of  the  Ne  target  in  an 
electron  exchange  process  akin  to  Penning  ionization. 

We  have  examined  Ne  ionization  processes  in  this 
system  using  a  delayed  coincidence  technique  to  measure 
the  double-differential  scattering  of  the  fast  product 
He.  A  fast  He*(23S)  beam,  produced  by  near-resonant 
charge  transfer  of  Hef  in  Na  vapor,  crossed  an  effusive 
Ne  beam;  around  the  intersection  volume  rotated  a 
Channeltron  that  measured  the  angular  distribution  of 
scattered  fast  atoms.  In  a  direction  perpendicular  to 
both  beams  product  Ne+  loas  were  accelerated  to  a 
second  Channeltron.  The  time  delay  spectrum  between 
the  particles  detected  on  the  two  Channeltrons  yielded 
for  each  scattering  angle  0  of  the  He  a  time-of -flight 
spectrum  for  the  He  product  of  the  ionizing  collision 

He*(23S)  +  Ne  *  He  +■  Ne+  +  e~. 

a  3 

Elastically  and  inelastlcally  scattered  he  (2  S)  from 
non-ionizing  collisions  was  not  time-correlated  with 
the  Ne+  signal  and  yielded  only  a  uniform  background  in 
the  coincidence  spectra. 

Measurements  have  been  made  over  the  laboratory 
energy  range  100  eV  <  EQ  <  400  eV.  Below  a  reduced 
scattering  angle  x  (*E09)  of  ~  4000  eV-degrees,  there 
are  only  two  major  observed  features  in  the  coincidence 
spectra.  The  most  prominent  feature  at  all  scattering 
angles  occurs  at  a  heavy  particle  energy  loss 

(endothermicity)  of  -  3±1  eV,  implying  the  release  of  a 
low  energy  (1-2  eV)  electron  in  the  ionization  pro¬ 
cess.  An  additional  feature  separates  In  energy  from 
the  3  eV  feature  at  small  angles  and  shifts  gradually 
to  higher  endothermicltles  as  the  scattering  angle 
Increases.  The  reduced  angular  distribution 
p  (»  9  sin  0  for  ionization  Is  relatively  flat  for 
50  <x  <  1000  and  decreases  gradually  for  larger 
scattering  angles;  any  angular  threshold  for  the  ioni¬ 
zation  process  must  occur  below  50  eV-degrees. 


In  supplementary  experiments  we  have  also  measured 
the  ratios  of  total  slow  ion  production  rates  for 
He*(23S)  collisions  with  various  target  gases  including 
Ne,  He,  and  Ar.  The  cross  section  for  ionization  of  Ne 
is  substantial,  varying  from  -15Z  to  -30%  of  the  cross 
section  for  Penning  ionization  of  Ar  over  the  energy 
range  100  eV  -  500  eV.  Penning  ionization  of  Ar  is 
thought  to  be  the  dominant  component  of  the  -  10  A2 
total  destruction  cross  section2  for  He*(23S)  +  Ar  in 
this  energy  range.  The  cross  section  for  ionization  of 
He  is  at  least  an  order  of  magnitude  smaller  than  that 
of  Ne. 

The  ionization  process  can  be  understood  in 
analogy  to  the  system  He*(23S)  +  He  studied3  previously 
with  different  techniques.  The  Incoming  He*  +  Ne 

diabatic*  state  cuts  through  the  lowest  He  +  Ne*  +  e” 

continuum  state  at  -1.5  A;  the  high  density  of  Ne 

excited  states  (relative  to  the  He*  +  He  case) 

increases  the  probability  for  diabatic  transit  into  the 
continuum  where  ionization  can  occur;  this  results  in 
the  larger  total  ionization  cross  section  for  Ne.  The 
major  feature  at  A£  -  3  eV  can  result  either  from 
ionization  at  the  passage  into  the  continuum  or  from 
population  of  He~(ls22s)  +  Ne*  states,  with  the  He” 
stabilized  in  the  field  of  the  Ne*  until  the  asymptotic 
region  where  the  ion-pair  curve  rises  above  the 
He  +  Ne*  +  e-  continuum  and  autodetaches.  As  in  the 
He*  +  He  system,  the  observed  scattering  at  small 
angles  can  result  from  attractive  interactions  in  the 
outgoing  product  ion  channel  that  partially  compensate 
for  the  repulsion  in  the  incoming  channel.  The  second 
(shifting)  feature  is  consistent  with  ionization  peaked 
at  the  inner  turning  point  of  the  collision  on  the 
incoming  diabatic  state;  both  the  scattering  angle  and 
the  electron  energy  (and  resultant  energy  loss) 
increase  as  the  distance  of  closest  approach  decreases. 

This  work  received  financial  support  from  the  National 
Science  Foundation. 
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LASER-ASSISTED  IONIZATION  ON  He  (2  1  ,  2  3  S)  +  He(l's) 
COLLISION  SYSTEM 
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Laser-assisted  collisions  can  be  defined  / 1 /  as 
processes  where  photon  absorption  is  made  possible  only 
in  the  course  of  a  collision  between  two  atoms,  whereas 
it  is  not  possible  when  these  two  atoms  are  far  apart. 

The  observed  bound-free  assisted  process  is  : 

He*  (2  !S,  23S)  +  He(l's)  +  t»-«He*(l2S)+He  (l's)+  e~(l) 
The  photon  energy  hui  *  3.49  eV  is  chosen  so  as  not  to 
be  resonant  with  any  atomic  transition.  The  He(l^S)  atan 
acts  only  as  a  perturber  which  shifts  the  He*  levels 
and  allows  photon  absorption.  Figure  1  shows  the  poten¬ 
tial  curves  of  He*^  and  He*  systems  /2,  3/  together 

with  the  field-dressed  curves  for  one  photon  absorption. 

o 

Ionization  becomes  possible  for  approximately  R  ^  2A. 

Our  working  energies  allow  field-free  collisional 
ionization  via  a  diabatic  channel  /4/  : 

He*  (2 1 S ,  23S)+He(l's)  He*  (l2S)  +  He(l's)+  e*  (2) 

The  value  of  the  cross-section  Q~^  of  reaction  (2) 
permits  a  determination  of  the  cross-section  for  the 
reaction  (1).  The  experimental  work  is  performed  for  2 
kinetic  energies  50  eV  and  35  eV  in  the  center-of-raass 
system. 

The  He*  beam  comes  from  a  charge-exchange  reaction 
between  an  He+  beam  colliding  on  a  cesium  target  / 5/ . 
Charged  particles  ererging  with  He*  atoms  from  the  Cs 
cell  are  removed  out  off  the  beam  by  a  transverse  elec¬ 
tric  field.  This  neutral  beam  is  then  incident  on  the 
He  gas  target  cell.  He+  resulting  from  reactions  (1)  or 
(2)  are  charge-analysed  by  a  transverse  electric  field 
and  then  are  incident  on  a  detector.  In  the  interaction 
chamber,  the  He*  beam  is  crossed  with  an  orthogonal 
laser  light  beam  (3rd  harmonic  of  a  Nd:YAG  laser.) , 

A  “355  nm,  1^8x10^  Wcm  The  ions  correlated  with  the 
laser  shot  (via  the  process  (1)  )  are  superimposed  on 
the  background  diabatic  signal  from  reaction  (2).  For 
E_  *50  eV  the  laser  correlated  ion  peak  is  equal  to  the 

LPl 

diabatic  signal.  In  the  same  way  for  E  »35  eV  the  as- 

i/Pi 

sisted  ion  peak  is  2.5  times  larger  than  the  diabatic 
one.CTj  increases  with  increasing  energy  by  approximate¬ 
ly  a  factor  1.7;  on  the  contrary  decreases  by  a 
factors  0.5  showing  that  the  colliding  system  exhibits 
a  completely  different  kinematics  when  illuminated  by 
the  laser  light.  Competing  reactions  such  as  i)  two 
photon-ionization  ii)  photoexcitation  of  He*  followed 


by  collisional  ionization  and  iii)  collisional  excita-. • 
tion  of  He*  followed  by  photoionization,  have  been  in¬ 
vestigated  and  cannot  account  for  the  measured  additio¬ 
nal  ion  contribution. 

The  energetic  dependence  of  the  two  cross-sections 
<T^  and  C r  have  been  obtained  in  the  energy  range  of 
25-100  eV  in  the  center-of-mass  system,  and  have  been 
compared  with  their  theoretical  behaviour;  these  results 
will  be  presented  at  the  conference. 
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ELECTRON  SPECTROMETRIC  STUDY  OF  IONIZING  THERMAL  ENERGY  COLLISIONS 
OF  Ne(4s,4p,4d)  ATOMS  WITH  Ar  ATOMS 

T,  Bregel ,  W.  BuBert,  J.  Ganz,  K.  Harth,  M.  Raab,  M.-W.  Ruf,  and  H.  Hotop 
Fachbereich  Physik,  Universitat  Kaiserslautern,  6750  Kaiserslautern,  FRG 


In  our  program  to  study  in  detail  ionizing  thermal 
energy  collisions  of  excited  rare  gas  atoms  with  atoms 
and  molecules,  we  have  previously  reported  on  reactions 
involving  state-selected  metastable  Ne(3s  3P,  ,)  and 
laser  excited  Ne(3p  J=l,2,3)  atoms1  .  We  have  now  ex¬ 
tended  these  studies  to  the  higher  excited  short  lived 
states  Ne(4s,4p,4d);  here,  we  report  our  first  results 
obtained  in  thermal  energy (Erg] =60  meV)  collisions  with 
Ar. 

A  collimated  metastable  Ne(3s  ^Pj)  atom  beam  is 
transversely  excited  by  two  anticol 1  inear  single  mode 
cw  dye  lasers,  both  linearly  polarized  parallel  (n|(  ) 
or  perpendicular  (Tj_)  to  the  relative  collision  veloci¬ 
ty,  to  the  Ne(4s  3F4)  state  via  the  Ne(3p  ^D^)  state. 
Spontaneous  emission  from  Ne(4d)  leads  to  significant 
populations  of  the  Ne(4p  Z0j)  and  Ne(4s  ^P^)  state.  The 
relative  time-integrated  excited  state  densities  N  are 
estimated  from  the  rate  equations  and  A-coef f icients  to 
be  N(4d ) :N(4p) :N( 4s )  «  4  .8:4 .4 : 1 .  Electrons  released 
in  ionizing  col' ' s •!  ' s  it  tne  various  excited  states 
with  Ar  j’-e  ewi,  ana! /zed  with  a  high  resolution 
«-  ■.  :  '  ■  r  ><.p»enca!  spectrometer.  Fig.  1 

r  •  '  •  ,re  spectrum  due  to  reactions  of  the 

contributions  are  fully  resolved 

.  ‘.ure  components  due  to  Ar+(ZP,.,, 

1  2  i  ^ 

-  s‘iun  of  the  low  energy  edge  ’  of 
f  t  .'  i*  '•  -j’  rtain  rather  direct  information  on 
the  well  .letths  of  tne  entrance  channel  potential  curves. 
Since  they  represent  Rydberg  states  to  the  Ne+-Ar  ionic 
potentials,  one  expects  well  depths  of  comparable  size. 

Ir  agreement  with  recent  results  for  Ne+-ArZ,  the  well 
depth  for  Ne(4d)+Ar  is  found  to  be  close  to  160  meV; 
these  for  Ne(4s,4p)+Ar  are  about  30  meV  smaller.  These 
findings  are  in  good  qualitative  agreement  with  the 
behaviour  of  the  Na(4s,4p,4d)+Ar  potentials,  calculated 

g 

by  Duren  et  al.  .  Only  the  Ne(4p)+Ar  spectrum  shows  a 

significant  polarization  effect,  rather  similar  to  the 
3  5  6 

one  found  for  Ne(3p  D,)+Ar  ’  and  compatible  with  ex- 

^  8 
pectations  on  the  basis  of  the  Na(4p)+Ar  interactions  . 

The  areas  for  the  three  different  spectra  should  re¬ 
flect  the  relative  excited  state  densities,  if  the  re¬ 
spective  cross  sections  were  the  same.  We  find  relative 
polarization-averaged  spectral  areas  I ( 4d ) : I ( 4p) : I ( 4s ) = 
0.67:3.8:1  indicating  that  the  apparent  Ne(4s)-  and 
Ne(4p)-cross  sections  agree  within  20  %,  whereas  the 
Ne(4d)-cross  section  is  much  smaller.  This  result  probab¬ 
ly  reflects  unfavourable  coupling  of  the  4d-Rydberg 


electron  to  the  continuum.  Electron  angular  distribution 
effects,  now  under  investigation,  may  also,  at  least  in 
part,  be  responsible  for  the  low  Ne(4d)  signal  at  our 
detection  angle  of  60°  relative  to  the  neon  beam  direc¬ 
tion  in  the  plane  of  the  neon  and  laser  beams. 

This  work  has  been  supported  by  the  Deutsche  For- 
schungsgemeinschaft  (SFB  91). 
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Fig.  1  Electron  energy  spectra  due  to  ionizing  thermal 
energy  collisions  of  Ne(4d,4p,4s)  atoms  with  Ar  atoms. 
The  vertical  lines  indicate  the  positions  of  the  respec¬ 
tive  asymptotic  excited-ionic  state  difference  energies. 
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ION- PAIR  PRODUCTION  IN  COLLISIONS  OF  Na  WITH  Cl  AND  Br 

R.  H.  Neynaber,  S.  Y.  Tang,  and  D.  P.  Wang 

University  of  California,  San  Diego,  La  Jolla,  CA  92093,  USA  and 
La  Jolla  Institute,  La  Jolla,  CA  92038,  USA 


Experimental  studies  of  ion- pair  production  in 
atomic  alkali-halogen  systems  are  rare.  To  increase 
the  data  base  of  these  important  processes  we  have 
used  merging-beams  techniques  to  examine  Na-Cl  and 
Na-Br.  Absolute  and  relative  cross  sections,  Q,  have 
been  measured  (by  detecting  the  negative  product  ion) 
for  the  reactions 

Na  +  Br  ^  Na  +  +  Br"  (1) 

and  Na  +  Cl  -*  Na+  +  Cl*  .  (2) 

When  the  reactants  and  products  are  in  the  ground  states, 
the  endoergiticies  of  reactions  (1)  and  (2)  are  1.78  and 
1.52eV,  respectively.  The  reactions  were  investigated 
in  a  range  of  relative  kinetic  energy  of  the  reactants,  W, 
from  threshold  to  500  eV  for  (1)  and  threshold  to  10  eV 
for  (2). 

Only  two  systems  have  previously  been  studied; 
these  are  Na-I  and  Li -I.  *  The  cross-sectional  behavior 
of  these  systems  with  W  has  successfully  been  predicted 
by  various  curve-crossing  theories  including  the 

2-4 

Landau-Zener-Stueckelberg  (LZS)  approximate  model. 
This  behavior,  and  especially  that  around  threshold,  is 
strongly  related  to  the  degree  of  adiabaticity  of  the  reac¬ 
tant  and  product  potential  curves.  These  two  systems 
are  the  most  adiabatic  of  the  alkali-halogens  and  behave 
similarly.  Specifically,  the  Q-curves  exhibit  a  step 
function  at  threshold  rising  from  zero  to  some  finite 
value.  Then,  Q  continues  to  rise  above  this  finite  value 
as  the  relative  velocity  of  the  reactants,  v,  increases 
above  the  threshold  velocity,  v^  ,  until  a  maximum  is 
reached  and  a  decline  begins.  For  Na-Br  and  Na-Cl,  a 
step  function  is  again  predicted  at  v^.  ,  but  the  finite  value 
at  the  peak  of  the  step  function  is  also  the  maximum  Q. 
One  of  the  purposes  of  the  present  experiments  is  to 
determine  if  this  actually  describes  the  behavior  around 
threshold.  Further,  the  measurements  will  be  a  useful 

test  of  ion- pair  production  theories  in  general.  Finally, 

_  — 
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these  systems  are  of  interest  in  seeded,  fossil-fuel 
reaction  kinetics  for  reducing  soot  and  as  a  means  for 
measuring  the  population  of  ground- state  (GS)  Na  in  a 
mixture  of  ground  and  excited- state  Na  atoms.  Actually, 
reaction  (2)  has  already  been  used  to  measure  the  GS  Na 
content  in  laser-excited  Na  vapor.  ^ 

The  Na  atom  beam  for  these  experiments  is  gener¬ 
ated  by  charge-transferring  Na  (from  a  surface  ioniza¬ 
tion  source)  in  Na  vapor.  This  ensures  a  virtually  pure 
GS  beam.  The  Br  beam  is  formed  by  charge -transfer¬ 
ring  Br*  from  an  electron  impact  source  (which  con¬ 
tains  CFBr^  vapor)  in  a  vapor  of  CFCl^.  The  Cl  is  pro¬ 
duced  by  electron  detachment  of  Cl  in  O^,  The  Cl  ,  in 

turn,  is  formed  from  CC1  in  an  electron  impact  source. 

4  5  2 

Both  the  Br  and  Cl  beams  have  atoms  in  the  np  P  . 

5  2  ^ 

GS  and  the  np  ^  \  f  z  exc*tec*  state.  The  separation  of 

these  states  is  0.46  and  0.  1 1  eV,  respectively,  for  Br 
and  Cl.  The  population  ratio  for  these  states  is  pre¬ 
sumably  that  ot  the  statistical  weights  and  is  2.  The 
contribution  to  ion- pair  production  by  atoms  in  these 
states  depends  strongly,  however,  on  the  crossing 
radii  of  the  associated  reactant  covalent  and  the  product 

ionic  potential  curves.  The  net  result  is  a  negligible 

2  ..  „  2 
contribution  for  Br(  P^^)  anc*  about  20  o  for  Cl(  P^^). 

When  these  factors  are  considered,  our  results  for 

both  systems  are  in  reasonable  agreement  with  the 

slightly  modified  LZS  theory  of  Faist  and  Levine.  ^ 

Also,  the  threshold  behavior  agrees  with  the  predictions 

described  above. 
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ION-PAIR  PRODUCTION  AND  THE  EFFECT  OF  LASER  EXCITATION  IN  Na-Na  COLLISIONS* 

S.  Y.  Tang.  D.  P.  Wang,  and  R.  H.  Neynaber 

University  of  California,  San  Diego,  La  Jolla,  CA  92093,  USA  and 
La  Jolla  Institute,  La  Jolla,  CA  92038,  USA 


A  review  of  experimental  research  in  ion- pair  pro¬ 
duction  for  two-body  reactions  shows  a  preponderance 
of  effort  devoted  to  processes  in  which  an  alkali  is  one 
of  the  reactants.  The  other  reactant  is  often  a  halogen 
atom  or  molecule  and  sometimes  a  hydrogen  atom. 

Prior  to  the  present  effort,  however,  no  work  on  alkali- 
alkali  systems  has  been  reported.  This  is  probably  due 
to  small  reaction  cross  sections,  Q,  resulting  from  un¬ 
favorable  curve  crossing  radii,  R  ,  for  ground-state 

c 

(GS)  atoms  although  exceptions  to  this  arc  alkali  sys¬ 
tems  in  which  Cs  is  a  partner.  Here  we  describe  our 
beam-gas  efforts  in  studying  (either  directly  or  by  de¬ 
duction)  the  following  alkali- alkali  reactions  in  a  range 
of  relative  kinetic  energy,  W,  of  the  reactants  from 
500  to  27  50  e  V: 

Na ( 3 s )  +  Na(3s)  — Na'(3s2)  +  Na+(2p6)  (1) 

U2  +6 

Na(3s)  +  Na(3s) - ►  Na  (2p  )  +  Na  (3s3p)  (2) 

Q 

Na’  (3p)  +  Na,  (3s)  - — Na+(2p6)  +  Na'(3s2)  (3) 

a  d  a  b 

Na^(3p)  +  Nab(3s) - Na^(3s2)  +  Na*(2p6)  (4) 

.  Q5  +  6  - 

Naa(3p)  +  Na^(3s) - >  Na^(2p  )+Na^(3s3p)  (5) 

Q/  ,  / 

Naa(3p)  +Nab(3s) - >•  Na^Ps 3p)  +  Nab(2p  )  .  (6) 

The  subscripts  a  and  b  identify  a  specific  atom  and 
relate  each  product  to  its  parent.  An  abbreviated  elec¬ 
tron  configuration  is  shown  above.  A  more  complete 
identification  of  states  is  as  follows:  GS  Na  Na(3s) 
Na(3s  2S);  GS  Na*  Na*(3s2)  ■  Na*(3S2  1S);  GS  Na+  ' 

Na  (2pS  =  Na  (2p^  *S);  excited  Na  -  shape  resonance 
Na  (3s 3p)  Na  (3s 3p  P)  -  the  energy  of  this  state  is 
0.  08  eV  above  that  of  GS  Na;  and  excited  Na  Na  (ip) 

Na  (ip  P^^),  Other  shape  resonances  such  as  the 
3s  3p  ^P  state  are  not  included  because  they  have  not 
been  proven  to  exist^  and  would  likely  have  unfavorable 
crossing  radii,  R^,  Feshbach  resonances  definitely 
have  unfavorable  R^.  The  Na  (3p)  is  produced  by  a 
laser.  In  some  of  our  studies  the  Na  (3p)  is  in  the  fast 
beam  and  the  hyperfine  level  F  =  3;  in  others  the  Na  (3p) 
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is  in  the  stationary  gas  and  the  distribution  of  F  is  un¬ 
defined.  We  assume  that  the  Q  for  each  reaction  is 
independent  of  the  F  distribution.  The  studies  were 
made  by  measuring  product  currents  of  Na+  or  Na" 
originating  from  atoms  in  the  fast  beam. 

Some  of  the  most  interesting  observations  will  now 

be  discussed  under  the  assumption  that  the  Landau- 

Xener-Stueckelbe  rg  (LZS)  curve-crossing  model  can  be 

applied  for  qualitative  explanations.  First  in  our  range 

of  W,  all  Q  increase  with  W.  This  is  consistent  with 

operating  on  the  rising  portion  of  the  LZS  universal 

curve  (sugarloaf  shape)  of  Q/4~R^  versus  v/K,  w’here  v 

c 

is  the  relative  collision  velocity  and  K  is  inversely  re¬ 
lated  toRc»as  is  the  coupling  potential,  AV.  We  can  con¬ 
clude  that  all  AV  for  the  reactions  are  relatively  large 
and  that  curve  crossings,  or  transitions,  are  fairly 
adiabatic.  Next,  is  negligible  compared  with  . 

This  is  due  to  the  energy  of  the  GS  of  Na"  being  smaller 
than  that  of  the  resonant  state  of  Na"  and  thus  a  larger 
separation  at  R^  (internuclear  distance  at  infinity)  of  the 
ionic  (product)  and  covalent  (reactant)  potential  curves 
for  reaction  (2)  than  (1).  This,  in  turn,  results  in  a 
smaller  R^,  larger  K,  and  (from  the  universal  curve) 
smaller  Q  for  (2).  Similarly,  Q^<0.  02  and  < 

0.  02  (Q^  =»  Q^)  because  of  the  smaller  energy  of  GS 

Na  than  Na*’  (3p)  and  thus  the  larger  separation  of  poten¬ 
tial  curves  for  (1)  than  (3)  and  (4).  This  is  a  direct  re¬ 
sult  of  the  laser  excitation.  Next,  for  a  given  W,  the 
slope  of  the  Q^-W  curve  is  greater  than  that  of  the  Q^-W 
curve.  This  is  the  result  of  the  larger  K  for  reaction  (1) 
and  a  steeper  slope  on  the  universal  curve.  Complicating 
the  above  analyses,  although  not  changing  our  qualitative 
conclusions,  is  multiple  curve  crossing  due  to  the  exist¬ 
ence  of  neutral-neutral  exit  channels  other  than  the  reac¬ 
tant  channel.  Finally,  Q,  <  Q  and  Q  >  Q,  .  A  dis- 
cussion  of  these  results  is  too  involved  to  be  presented 
here.  (For  reference,  Q  so  1  X  10*3  A2  at  W  =  1500eV.  ) 
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ION  PAIR  FORMATION  BY  THE  COLLISIONAL  REACTION 
Rb(nl)  +  Rb(5s) - ►  Rb++  Rb" 

M.  Cheret,  L.  Barbier  and  M.  Djerad 
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Negative  ions  are  observed  in  a  Rb  vapour  when 
highly  excited  Rb(nl)  levels  are  populated  /l, 2/  (nl :  5d 
to  I  Is).  Experimental  observations  give  evidence  that 
they  are  formed  via  the  following  reaction  : 

Rb  (nl )  ♦  Rb  (5s)  - •  Rb*  +  Rb" 

Some  of  the  studied  levels  (5d  to  8s) Xve  below  the 
limit  of  the  ionic  curve  Rb*,  Rb  (energy  defect  4E 
4070  cm  *  to  725  cm"  ^ )  and  others  (7d  to  11s)  above  this 
limit.  The  rate  coefficients  deduced  from  the  measure¬ 
ments  are  represented  on  fig. 1  : 


AE  cm'1 


Figure  1  :  Rate  coefficients  against  the  energv  defect 
of  the  reaction. 

The  corresponding  cross  sections  (fig. 2)  are  calcu¬ 
lated  assuming  a  maxwellian  distribution  of  the  velocitv 
and  constant  value  of  the  cross  section  above  the  energv 
threshold. 

It  is  shown  that  a  Landau  Zener  calculation  at  the 
crossing  point  Rf  between  the  unperturbed  covalent  and 
ionic  curves  explains  the  result  obtained  for  level  5d 
and  7s  (Rc“54  and  63  a.u.).  The  R.K.  Janev  and  A.Salin 
/ 3/  model  is  used  to  calculate  the  coupling  H^O^)*  Tlii« 
factor  is  ten  times  higher  than  the  value  predicted  by 


as 

10'rt  i 
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Figure  2  :  Cross  sections  for  ion  pair  formation  (n  ) 
against  the  energy  defect  of  the  reaction. 

the  Olson  phenomenological  law  / 4 / . 

For  the  other  levels  the  crossing  point  is  passed 
diabatically  or  does  not  exist  (level  7d  and  9s).  An 
other  mechanism  involving  crossings  at  shorter  distances 
is  proposed  (fig. 3)  and  evidences  for  its  validity  arc 
given .  I ) . 


C  .  j  j  i 


Figure  1  -  Mechanisms  for  ion  pa i r  formation.  Levels  Sd 
and  7s  Rc.  50  a.u.  strong  coupling  direct  formation. 

Levels  bd,  Hs  R(,  200  a.u.  weak  coupling  transfer  to  lower 
levels  (3d,  bd)  at  short  distance.  Level  7d,  9s  no  cros¬ 
sing  with  (Kh+,  Rh“l  transfer  to  lower  levels. 
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During  the  past  few  years,  many  experiments' "3  have 
been  devoted  to  the  study  of  the  associative  ionisation 
of  two  laser  excited  sodium  atoms,  involving  as  a  possible 
mechanism  the  reaction  : 

Na(3p2P3/2)  ♦  Na(3p2P3/2)  •  Na2(X2:  *)  *  e 
Most  theoretical  calculations  concerning  the  Na2  molecule 
have  been  limited  to  the  ground  and  low  lying  excited 
states^*'1.  However,  recent  calculations^  predict 


a  crossing  at  R=9  a.u.  oetween  the  NaJ  X2  g  curve  and  the 
Na2  ':*  curve  correlated  to  the  Na(3p)-Na(3p)  dissociation 


We  have  recently  proposed  a  method  which  is  a  gene¬ 
ralisation  both  of  model  potential  calculations^  for  one 

active  electron  systems  and  of  the  Pluvinage  method  for 
q 

two  electron  systems  .  The  energies  of  the  Na2  molecule 
are  obtained  by  computing  the  matrix  elements  Of  a  model 
haniltonian  on  a  basis  of  a  limited  (  20)  number  of 
correlated  configurations  such  as  : 

Tab  n  ci ,2)  -  ($„ (i)  in)  i  i(i)  id)  ] n  (1,2)  <  1  > 

In  Eq(1)  we  have  denoted  by  (1)  and  (2)  the  coordinates 
nf  thp  r.in  electro*1?.  *  i '  i  is  ninerif'!r'r,‘ion  of  a  one 
electron  model  hamiltonian  describing  the  motion  of  the 
electron  (i)  in  the  field  of  the  two  Na*  cores,  ca  is  the 
associated  eigenenergy  n(1,2)  describes  the  collision  of 
two  free  electrons  in  the  absence  of  an  external  field. 

We  have  used  in  the  present  work  : 

(1,2)  =  u0  ( kr  1 2 > / r i jj  (2) 

where  uo  is  a  regular  spherical  coulombic  function  and  rj2 
the  mterelectronic  distance.  The  matrix  element  of  the 
hamiltonian  are  then  easily  obtained  from  the  independant 
electron  energy  tarsp,  the  collision  energy  k2,  and  bielec- 
tronic  integrals  involving  a  cross  kinetic  term  and  the 
dielectric  operator  Vqiei.  (3) 


dielectric  operator  Vpie].  (3) 

Aiull  I 

ihe  collision  energy  is  optimised  so  as  to  minimize  the 
energy  of  tim  lowest  state  of  a  given  symmetry.  The  mole¬ 
cular  energies  are  obtained  after  diagonal isation  of  the 
haniltonian  for  various  internuclear  distances. 

On  the  table  are  presented  the  values  obtained  for 
the  depth  (De.Te)  and  position  Re  of  the  well  in  the  aroird 
elate  ana  in  some  excited  states.  Good  agreement  is 
ft  tamed  wlh  experiment  and  with  the  pseudo-potential 
( alculations  of  Jeung-\ 

'0  the  figure  are  displayed  the  z  curves  correlated 
•o  the  3i ♦ Jp  dissociation  limit  together  with  the  Na2 
'.rijjfc  .tate  curve.  Our  results  differ  from  previous  work^. 
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A  characteristic  feature  of  homonuclear  associative 
ionization,  also  known  as  the  Hombeck-Molnar  ioni ration 
(HMI) 

A*  +  A  — +  A2  +  e 

is  that  the  potential  energy  of  the  system  at  the  sepa¬ 
rated  limit  is  lower  in  the  incoming  channel  than  in  the 
outgoing  channel  (fig. 1).  In  the  thermal  range,  the  rela¬ 
tive  kinetic  energy  E^  of  the  reactents  is  not  suffici¬ 
ent  for  the  total  energy  to  reach  the  ionic  asymptotic 
limit  (A++A)  and  the  nuclei  remain  bound,  forming  an  as¬ 
sociative  ion  A*.  The  origin  of  the  ionization  must  be 
sought  in  the  couplings  between  the  potential  energy 
curves  for  the  excited  neutral  molecule  A^*  and  the 
ground  state  of  the  molecular  ion  A^ . 

HMI  has  been  investigated  in  a  crossed-beam  experi¬ 
ment  for  the  collision  He(53p)+He  using  a  time-of-f light 
(TOF)  technique.  Excited  states  were  produced  from  me¬ 
tastable  He(2^S)  using  a  tunable  CW  source  of  coherent 
light  at  294  nm  produced  by  second  harmonic  generation 
in  a  ring  laser  .  The  density  distribution  of  the 

3 

He(5  P)  atoms  in  the  interaction  zone  was  investigated 
by  a  highly  sensitive  photo-ionization  method  with  a 
krypton  laser  tuned  to  the  red  lines  (647  and  752  nm) . 

The  combination  of  these  techniques  with  a  crossed-beam 
geometry  allowed  the  kinetic  energy  dependence  of  the 
cross-section  to  be  investigated  with  a  good  resolution 
in  the  range  20-200  meV,  via  the  TOF  spectra  of  He*  ions 
resulting  from  HMI  and  of  He+  ions  produced  by  photoio¬ 
nization  of  He(5^P)'.  The  experimental  points  are  repre¬ 
sented  by  rectangles  on  figs. 2. 

2  3  * 

Nielsen  et  al  and  later  Koike  et  al  for  H^  con¬ 
sidered  the  vibronic  coupling  between  attractive  adia¬ 
batic  H*  curves  and  the  ionic  one  in  a  region  such  as (II 

in  fig. I.  The  cross  sections  exhibit  values  of  about 
—  1 8  2 

10  cm  at  300°K  and  a  monotonic  decrease  with  increa¬ 
sing  which  is  not  observed  here. 

V|R)  » 


Later,  Cohen  developed  the  MSCC  model*;  he  conside¬ 
red  repulsive  diabatic  states  He*  penetrating  into  the 
continuum  of  He  +  e,  and  interacting  with  the  attractiw 
ones  by  electronic  coupling.  The  ionization  occurs  in  a 
region  such  as(lljin  fig. 1  -  The  cross  sections  for  HMI 
were  calculated  for  He*  (nm3,4)+He;  they  exhibit  struc¬ 
tures  and  values  close  to  10”*^  cm^. 

We  had  first  developed  a  model  potential  method  for 
He^*  and  used  it  to  calculate  the  \t.jl  diabatic  states 
and  couplings  between  them.  The  interpretation  of  our 
results  has  been  performed  by  an  extension  of  the  MSCC 
model  to  the  present  case  n*5  :  broken  line  on  figs  2a 
and  2b  is  the  result  of  MSCC  model1  .  Improvement  of  the 
agreement  between  experiment  and  theory  at  low  energies 
is  possible,  considering  two  effects,  (a)  The  effect  of 
a  small  inaccuracy  in  the  energies  calculated  by  the  mo¬ 
del  potential  method;  a  14  meV  shift  of  the  crossing 
energies  of  the  5P  channel  is  made  (full  line  on  fig. 2a). 
(b)  The  effect  of  adding  long  range  couplings  between 
asymptotically  nearly  degenerate  potential  curves  (full 
line  on  fig.  2b) . 

The  shape  of  the  experimental  curve  is  well  repro¬ 
duced  by  the  Vru  symme t ry ,  which  is  found  to  be  prepon¬ 
derant  and  the  validity  of  the  MSCC  model  is  thus  shown. 
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H  r  iit  .inrtiinii  r. it  ins  .irr  measured  using  a  double 
t  i  sr  ,»t  tliuhf  f  Of  t echn iguc .  Both  ttir  wlocity 
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in  >.p«  t  ra  in  In  velocity  ranges .  A  chopper 

iv  1 1  r  r  1  .»o'»i  tinned  in  front  of  the  metastable  beam  source 
ruvides  a  pulsed  beam.  The  beam  is  (jenerdted  in  d 
hot.  rdtfn.nl>  const  rioted  arc  source  and  contains 
metdstdble  atoms  with  velocities  of  up  to  ZOkms 
The  met  a stab  I es  are  main  I >  ?3S  but  also  about  9%  of 
'  S  are  present  whirl*  are  removed  with  a  He  discharge 
quench  lamp.' 

in  the  I Of  mass  spectrometer  the  ions  are 
a<rc 1  crated  to  about  3keV  and  then  detected  with  an 
electron  multiplier.  The  detection  efficiency  of  this 
multiplier  war  measured  as  a  function  of  ion  mass. 

The  relative  efficiency  was  similar  to  that  measured 
liv  Krebs  showing  a  maximum  for  a  mass  number  of  lb. 
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Selected  results  for  two  distinct  qases  are 
shown  in  fig.  I.  In  id)  the  only  competing  processes 
in  \r  and  CO  are  Penning  and  associative  ionisation. 

The  percentage  of  associative  ionisation  rapidly 
decreases  to  less  than  >%  as  the  velocity  increases, 
lor  most  diatomic  and  polyatomic  molecules  Pinning 
ion  i/at  ion  and  dissociative  ionisation  are  found  to  be 
the  chief  processes,  as  shown  in  (b>  for  CH^ .  Our 
results  for  Ar  compare  well  with  those  of  Pesnelle 
et  a  1 14 .  Other  groups2.*  have  measured  branching  ration 
for  unselected  beams  but  comparison  is  difficult  as  tin 
velocity  distributions  of  the  metastable  atom  beams 
are  unknown. 

One  of  us  iPA3»  is  in  receipt  of  a  SL.RC  postgraduate 
studentship  and  some  aspects  of  this  work  have  been 
funded  in  the  past  by  the  SLRC. 
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Measurements  have  been  made  of  the  variation  of 
ionization  cross  section  with  velocity  for  Hei23S)  with 
various  atomic  and  molecular  species.  These  measure¬ 
ments  cover  the  wide  velocity  range  1-19  kms_i  (kioetic 
energy  range  0.02  -  / . 5eV i . 

Relative  variations  of  cross  sections  have  been 
:neasured  for  Ar.  "r,  \e,  H^.  D2.  O^.  N  ,  CO,  CO^.  NH^. 
H^O,  CH^,  C^H^ &  These  relative  cross  sections 

are  then  normalised  to  our  previously  measured  absolute 
cross  sections,  or  in  some  cases  to  other  absolute 
data  Where  comparisons  can  be  made,  the  data 

from  these  other  groups  agreed  with  our  absolute 
cross  sections  isee  Figure  1-. 

The  relative  cross  sections  are  measured  using  a 
TOF  tfhnigue.  A  chopper  wheel  placed  in  front  of 
the  arc  source  gives  pulses  of  metastable  ate~s  *  5 
wide.  The  time  of  this  start  pulse  is  accurately 
identified  by  the  intense  photon  peak  from  the  source. 
Two  TOf  spectra  are  then  collected,  one  by  means  of 
a  channeltron  i .06m  from  the  source  showing  the 
velocity  distribution  of  Het2JS)  atoms  emitted  from 
the  source  and  the  other  by  means  of  a  TOF  mass 
spectrometer  located  O.S4m  from  the  source  showing 
the  mass  spectrum  of  the  product  ions.  The  TOF  mass 
spectrometer  views  the  interaction  volume  of  the 
metastable  and  target  beams  and  selects  the  ions  of 
interest  while  eliminating  any  ions  due  to  background 
gases.  Dividing  the  second  spectrum  by  the  first 
gives  the  variation  with  velocity  of  the  relative 
ionization  cross  r.ection  which  is  then  normalised  to 
an  absolute  cro^s  section  one  at  particular  velocity. 
The  results  given  here  are  for  He:23Si  only,  as  the 
He.2lS)  component  of  the  beam  was  too  small  ^9% 
for  making  useful  measurements.  The  Hei2lS»  component 
was  removed  with  an  optical  quench  lamp. 

A  sample  result  is  shown  fur  t  v  iriation  of 
cross  section  with  velocity  of  He<23S  on  argon. 

As  can  be  seer  our  cross  section  agrees  well  with  the 
other  relative  und  absolute  data  shown1”  in  the 

normalisation  used. 

One  of  use  iPAJ>  is  in  receipt  of  a  SERC  Postgrad 
uate  Studentship  and  some  aspects  of  this  work  have 
in  the  past  been  funded  by  the  SLRC. 
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is  a  model  system  Tor  Penning  (PI)  and  associative 
(AI)  ionization  studies,  botn  experimentally  71-3/  and 
theoretically  / 3-6 / .  We  have  carried  out  the  first 
e  ectron  spectrometnc  study  of  reaction  (1)  with 
sufficiently  high  resolution  to  partially  resolve  the 
rotational  structure  due  to  formation  cf  rovibra- 
tionally  excited  HeH*(v,J'  ions  in  path  (lb). 

A  well  collimated  beam  of  state-selected  He(23S! 
metastables  from  a  differential ly-pjmped  dc  discharge 
source  crosses  a  quasi -beam  of  hydrogen  atoms  from  a 
microwave  discharge  in  a  field-free  region.  Product 
electrons  ejected  perpend'cu 1 arly  to  both  seams  ar- 
energy  analyzed  in  a  double  hemispherical  condenser 
with  an  effective  resolution  of  35  mev  (FWHM).  The 
relative  collision  energy  distribution  -anges  f^om  20 
to  120  (7  to  50!  meV  with  a  ma,imuni  at  45' 17  meV  for 
room  temperature  liquid  nitrogen  temperature  of  both 
beam  sources.  Electron  energy  spectra  are  measured  by 
-ultichannel  scaling  techniques. 

Fig.  1A  shows  the  result  at  r0om  temperature,  as 
accumulated  "vpr  30  ours,  ’ne  spectrum  clearly 
exhibits  rotational -vi  brat ional  structure,  which  is 
even  better  resolved  in  our  low  temperature  data.  For 
comparison  we  have  carried  out  quantum  mechanical 
calculations  using  the  program  due  to  Hickman  and 
Morgner  7  ,  modified  to  include  changes  cf  the 
rotational  quantum  number  during  electron  emission, 
the  ne'23S.-H  potential  of  rgner  and  Niehaus  / 3/ , 
a“C  the  He*H*  potential  given  by  Bishop  and  Cheung 
u  .  '.t  is  found  that  the  main  J-dependent  contribu¬ 
tions  stem  from  v  =  1-4.  Fig.  IB  shows  the  total 

ra’cu’ated  AI  spectrum  for  T=300  K,  which  includes  the 
fnr-at'on  of  quasi -bound  HeH  states,  but  leaves  out 
rprrsrq  ionization  to  free  He-»H*  states.  Therefore, 
rig.  'A  and  Mg.  IB  can  only  be  compared  for  energies 
above  5.25  ev.  Ood  overall  agreement  between  experi¬ 
ment  and  them,  is  observed  at  both  collision 

temperatures  lending  strong  support  to  the  idea  that 
the  Meal  complex  potential  method  provides  a  satis¬ 
factory  description  of  He(2JS)*H  ionizing  collisions. 


We  acknowledge  support  of  this  work  by  the 
Deutsche  Forschungsgemei nschaft  ISFB  91). 
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room  temperature  (A)  and  quantum  mechanical  calcula¬ 
tion  <B)  of  the  spectrum  due  to  AI  (reaction  lb, 
including  quasi-bound  states).  The  calculation  repre¬ 
sents  an  average  over  collision  energies  for  T=300  K 
and  was  convoluted  with  a  Gaussian  of  35  meV  FWHM;  it 
includes  changes  of  the  rotational  quantum  number 
during  electron  emission  up  to  L  =  3. 
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A  NEW  LOOK  AT  ASSOCIATIVE  IONIZATION  BETWEEN  TWO  EXCITED  ALKALI  ATOMS: 

Na ( 3P ) +Na <  3 P )  and  Na ( 4D ) +Na ( 4D ) — ► Na2  +  +e~ 

E.  Meyer  ,  H.  Schmidt,  R.  Witte  and  I.V.  Hertel 
Institut  fur  Molekiilphysik,  Freie  Universitat  Berlin,  D-1000  Berlin  33,  West  Germany 


epancies  between  experimental  results  of 
•nstorn  et  al.^  and  Rothe  et  al.^  on  asso- 
vo  ionization  of  excited  Natrium  empha- 
rh"  to  reinvestigate  these  processes. 

:ps  nv.-*‘  measured  the  dependence  of 

■  •Na  i  1  — ►  Na+  >*e~  on  the  polarization 

•  :  exciting  light.  Their  results 

:  :  .  i  {  has*-  factor  of  2. 

j  !  --..'nl  I  imatnd  Na-boam,  which  is 

■  :  i*  r  i  ::\+  angle.-.  with  a  linear  polarized 

:■  t-  •  *  o  the  Na(32S1;2,  F=2 )  - 

,  i  ■  •:  i  '  r  tnsition.  The  entrance  win- 
!  4  i:*par  it  ;s  are  carefully  checked  so 

i  r:M  destroy  the  linear  polariza- 
4  h-  ‘xcitir.u  light.  This  could  be  a 
:  1-  explanation  for  the  discrepancy  be  - 
•.  *  n-  j  r* -  v  i o..s  ♦■xp».?r  invnt  s . 

iow:,  ir.  Fig.  1  we  observe  a  strong  depen- 
1  t  ior.  signal  from  the  direction  of 

.cl  at  lzution  vector.  At  8  =  0  J  (  E  X  Na  beam) 
on  *  it*  :us  its  minimum,  while  at  8  =  90° 

I)  Na  {■••w  i  4  h*»  maximum  is  observed  in 
'rop.t  with  “  h*  re  suits  of  Morgens  ter  n^  .  The 
;tar>'o.:sly  measured  fluorescence  intensity 
1  su  depicted  in  Fig.l  to  show  the  correct 
:  a  *■  1 1 :  r.  and  alignment  of  the  Natrium  atoms, 
ddi  Mon  r  ho  position  of  the  atomic  p-or- 
!  i  -  r.ohorat  :  oa  1  1  y  shown  in  Fig.l. 


i  Polarization  dependence  of  the  ion  rate 
for  IPi.i  excitation  (statistical  error 


We  use  a  cos  (  2  9  }  -  f  unct  ion  which  best  fits  to 
our  data.  No  improvement  is  found  by  adding  a 
cos(48)  term  to  the  f i t - f unct ion . I n  order  to 
extend  our  studies  to  higher  excited  states  we 
use  a  second  laser,  directed  antiparallel  to 
the  first  one.  We  excite  the  2  state  of 

sodium  with  linear  and  the  3P  state  with  circu¬ 
lar  polarization. 

The  ion-rate  is  drastically  increased  by  a 
factor  of  5000-10000  and  we  observe  a  slight 
polarization  dependence  of  the  ion-production 
shown  in  Fig . 2 . 


Fig .1  Polarization  dependence  of  the  ion  rate 
for  4D=(/2  excitation 

Details  will  bo  reported  at  the  conference. 
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POLARIZATION  DEPENDENCE  OF  ASSOCIATIVE  IONIZATION 
IN  Na(3p)  ♦  Na(3p)  COLLISIONS 

tiit-r,  Ht-rki'  p.v.2.  Henk  G.;i.  Heidi-nan,  Gerard  Xi  eniiu  i  s ,  Kciniuird  Morten  stern 

Fysisch  Laboratorium,  Princetonp I ein  5,  35b-;  CC  Utrecht,  The  Netherlands 


Wi  have  investigated  associative  ion  \v  it  ion  of 
i  aserexc  i  t  ed  Na(3p>”P^.  ,  atoms,  i.t-.  the  process 

Na(3p)  +  Na(3p)  *  Na.,  +  e  (I) 

by  measuring  the  total  ion  yield  as  a  function  of  the 

angle  between  tin*  relative  velocity  of  the  two  excited 

Na-atoms  and  the  ilectric  polarization  vector  of  the 

laser  1  i Kiit .  I n  an  earlier  investigation1*”  we  found  that 

the  ion-signal  can  be  described  by 

I  =  1  +  Tj  cos  2  +  r,  cos  4  (2) 

with  r  =  0.2  7  and  r,  -  O.IU.  Some  doubt  however  was 

-  3 

sited  on  these  results  by  new  experiments  by  Rothe  et  al. 

which  disagree  with  our  earlier  results:  they  found 
r  =  -O.nl  and  r,  =  0.38,  whicit  means  an  essentially 
different  periodicity  of  the  ion  signal. 

We  now  report  our  more  recent  results  that  were 
obtained  under  modified  experimental  conditions, 
a)  the  ion-multiplier  was  sometimes  arranged  fueh  that 
no  fluorescence  photons  from  the  scattering  center 
could  reach  the  first  dynode .  By  this  we  could  rule 
uut  a  possible  fluorescence-dependent  sensitivity  of 
the  ion  detection. 

h)  We  used  two  counterpropagat ing  Na  beams  instead  of 
one.  This  leads  to  higher  relative  velocities  and 
an  even  better  defined  direction  of  the  relative 
ve loc i ty . 

c)  Shape  and  size  of  the  laserspot  were  varied  in  a 
wide  range. 

By  blocking  one  of  the  Na  beams  we  could  again 
investigate  collisions  of  atoms  within  one  beam  (at 
considerable  lower  kinetic  energy).  Fig.  I  shows  the 
results  tor  head-head  (h-h)  collisions  from  the  counter- 
propagating  beams  and  head-tail  (h— t)  collisions  within 
one  beam.  The  new  data  mainly  confirm  our  earlier  results. 
We  obtain  r.  =  0.304,  r,  =  0.06b  for  h-h  collisions  and 
r(  =  0.223,  r,  =  0.032  for  h-t  collisions.  It  is  interest¬ 
ing  t<>  see  t bat  a  stronger  polarization  dependence  arises 
for  tne  higher-energy  h-h  collisions.  Also  the  h-h 
cross-section  is  at  least  1.3  times  higher  than  the  h-t 
c ross  s*  «.  t  i on . 

As  described  earlier  we  have  analyzed  these  data 
to  obtain  rate  constants  k(m(  m0)  for  associative  ioni¬ 
zation  of  atoms  that  before  the  collision  are  in 
magnet  it  substates  nij  and  m,  respectively  (z-axis  along 
the  relative  velocity  direction).  The  results  are 


o- — o  lower  collision  energy  (h-t). 

Different  from  our  earlier  results  an  analysis  in 
terms  of  both  the  jm.-  and  the  -m  -descriptions  yields 
non-negative  rate  constants,  i.e.  neither  of  Lite  two 
descriptions  can  be  ruled  out . 

A  discussion  nf  the  results  in  terms  of  potential 
curves  as  e.g.  performed  by  Jones  and  bahler  will  be 

given  at  the  conference. 


m . 

.  J 

m .  * 

J 

- 

3/3  3/2 

3/2  1/2 

1/2  1/2 

1.12  +0 .03 

0.373+0.024 

2.  140+0.020 

h-h 

k(m. 

.1 

m.  ’ 

.1 

*= 

0.872+0.003 

0.72  +0.03 

1  .  70  3+0.009 

h-t 

m 

m  ' 

* 

1  1 

1  0 

0  0 

1.12  +0.03 

0.01  +0.05 

4.53  +0.07 

h-h 

k  (m 

m  '  ) 

0.872+0.003 

0.63  +0.05 

_ 

/  .93  ♦().  10 

_ 

h-t 

Table  I  Values  for  the  relative  rate  constants  in  the 


jm.-  and  ;.m ,  description  for  higher  (h-h)  and 
lower  (h-t)  energy  collisions,  k  values  arc- 
normalized  such  that  k  =  I  for  polarisation- 
i ndependent  ion i za  t ion . 

1)  J.G.  Kircz,  R.  Morgens tern,  G.  Nienhuis,  Phys.Rev. 
Lett.  48  610  (1982) 

2)  Nienhuis,  Phvs.  Rev.  A26  3)37  (1982) 

3)  E.W.  Rothe,  R.  Theyunni,  C.P.  Reck,  C.C.  Tung,  to  be 
pub  1 ished 

4)  D.M.  Jones,  J.b.  Dahler,  Phys.  Rev.  A3 1  2  10  (1985) 
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summarized  in  table  I. 
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POLARIZATION  DEPENDENCE  OF  ASSOCIATIVE  IONIZATION 
AND  OF  LASER-INDUCED  CHEMI-IONIZATION  AND  EXCITATION  TRANSFER 

Dumont  M.  Jones  and  John  S.  Dahler 

Departments  of  Chemistry  and  Chemical  Engineering,  University  of  Minnesota,  Minneapolis,  MN  55433  U.S.A. 


Our  theory  has  been  designed  to  aid  in  interpret¬ 
ing  experimental  studies  of  inelastic  collisions  in¬ 
volving  laser-prepared  reactant  atoms  and/or  laser- 
induced  electronic  transitions.  Recent  thermal  beam 

experiments  by  Kircz,  Morgenstern  and  Nienhuis*  and  try 

2 

Rothe,  Thevunni,  Reck  and  Tung  fall  into  the  first  of 
those  categories.  These  investigators  have  measured  the 
dependence  of  the  rate  of  the  associative  ionization 
process 

2Na[  Op)  2P,,,1  -  Naf[X  2Z+]+e" 

5U  L  g 

on  the  angle  .  between  the  direction  of  relative  motion 
of  the  colliding  atoms  and  the  polarization  axis  of  the 

laser  used  to  prepare  the  sodium  atoms  in  the  reactive 

2 

(3p)  P_  ,.y  --.tat  <  s.  The  integral  cross  section  for  this 
process  can  be  written  in  the  form 

o(E,B)  =  g  on(E)pnn(B) 

with  K  the  kinetic  energy  of  relative  motion  of  the 

reactant  atoms  and  a  (E)  the  cross  section  for  reaction 
n 

of  an  ad  iabat  ic  b<ujt-Oppenheimer  state.  Finally,  p^CB) 
is  an  easily  computable  diagonal  matrix  element  of  the 

electronic  density  operator  representative  of  the  laser- 
prepared  initial  state.  By  comparing  this  formula  with 
che  data  of  Kircz  etal  ,  we  have  been  able  to  conclude 
that  at  least  two  ad iabat ic  BonnOppenheimer  states 
contribute  to  the  experimentally  observed  process.  The 

most  reactive  of  these  is  the  * state  with  the  asymp- 

2  2  ^ 

totic  form  The  next  most  reactive  is  either 

j  +  3  _  ^  u  2  2 

or  ,  both  with  the  asymptotic  form  r  -w  . 
c  c  ’  u  g 

our  method  of  anal  vis  also  can  be  applied  to  a  two- 

color  experiment  such  as  that  in  which  a  resonant 

D-!ine  laser  pumps  the  ip  state  and  a  second,  high- 

intensity  non-resonant  laser  drives  the  chem* -ionizat ion 

process . 

*  f,w  +  -  i  Na2  +  c  i 

Na(  3s)+Na(  ip)  *  |(Na***Sa)  *■  (Na**‘Na)  +e  1  +  f 

l Na  +  Na  +e  | 

The  situation  is  mor-'  complicated  here,  not  only  because 
there  are  two  laser  intensities  and  two  laser  polariza¬ 
tions,  but  because  the  individual  state-to-state  cross 
stations  for  the  laser-induced  chemi-ionization  events 
are  themselves  dependent  on  the  polarization  of  the  non¬ 
resonant  laser"*.  The  differences  between  the  intensity 
and  polarization  dependences  of  competing  ionization 
processes,  e.g.  the  chemi-ionization  events  described 
above  and  photoionizat ion  of  neutral  dimers,  are 


identifying  characterist ics  which  can  be  used  to  extract 
cross  section  information  about  the  individual  processes 
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EXCITATION  OF  HH.IUH  BY  H*  AND  H  IMPACT  : 

A  DISTORTED  NAVE  APPROACH 

Indira  Khurana,  Rajesh  Srivastava  and  A.N.  Tripathi 

Department  of  Physics,  University  of  Roorkee, 
Roorkee  (INDIA) 


In  recent  years,  the  study  on  collisional 
excitations  of  Helium  atom  by  protor.  and  hydrogen 
gained  impetus  experimentally  and  theoretically 
cecause  of  well  known  practical  applications  of  their 
cross-section  data.  A  couple  of  calculations  for 
excitation  of  helium1  in  H+  -  He  and  only  a  few  calcula¬ 
tions  for  H  -  He  collisions'*^  are  available  for 

the  evaluation  of  total  cross-section  in  literature. 

4 

Or.  the  experimental  side  only  total  cross-section 
measurments  for  excitation  of  helium  by  proton  impact 
are  known  for  specific  energies. 

There  have  been  rare  differential  measurments 
because  of  practical  difficulties.  However,  recently, 

J4 

Park  et  ai  have  reported  the  differential  cross- 
sections  for  excitation  of  the  helium  target  tc  the 
ns2  level  at  certain  energies  of  proton  impact.  WY 
also  know  the  angular  differential  cross-secti.  r. 
measurments  offer  the  cleanest  test  for  jrj  tneoretical 
approach.  Although  calculations  for  TCP  using  Born 
and  multistate  eikr^i  appr  t  i>-ns  f  r  p-H^sca  tteri  ng 

are  available  but  as  -ut  by  Park  et  al  themselves 

that  theoretical  .s:ng  other  approximations 

are  desiratl-  feasible  as  the  Collision 

processes  -  ’  - •  *r-  ricerned  are  not  fully 

undoes  *  .• 

I  DOS  rp.nul  ts  for  2  S  excitation  of 
h»*i  i <m  it.m  by  H*  and  H  at  impact 
•  <f  100  keV 


•*'*.-il  :ross-section  results  in 

ao 

..  .  .:sicns  H-He  collisions 
DWBA  FBA  DWEA 
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In  view  of  the  above  facts,  we  thought  it 
worth  while  to  study  p-He  scattering  in  distorted 
wave  Born  approximation  (DWBA)  which  has  ; • 
to  he  quite  useful  and  great  success  i  r. 
work  on  e-He  scattering^.  We  also  real..*-  * 

DWBA  hardly  much  have  been  done  ir.  .  . .  ng 

atoms.  To  explore  such  appl  :  ::»•  ,  we 

report,  in  the  conference  :  •'  proton 

impact  excitations  _f  .  r.  helium  and 

also  to  begin  with  ex**  *  ».‘jiation  by  impact 

of  a  structured  .  .r  -  hydrogen.  In  order 


to  minimize  *:  •  the  results  a  consistent 

versi.-r  :  a  -  .  -  distortion  effects  are  included 

ir.  r  *.*  *■  •  >  • 'e.s  has  been  used.  To  avoid  further 

•u ir.  the  result*  the  wave  fuctions 


*  atom  are  taken  to  be  of  the  most  accurate 

many- parameter  correlated  (MPC)^  type. 

We  have  also  performed  parallel  calculations 
using  these  MPC  wave  functions  in  first  Born  approxima¬ 
tion.  (FBA)  for  both  the  transitions  tc  fc.cilitstc 
comparision.  The  detailed  theoretical  analysis  along 
with  various  results,  fully  compared  and  discussed 
would  be  presented  in  the  conference  itself.  However 
in  the  table  I  we  present  our  different  theoretical 
results  for  2^S  excitation  of  He  only. 
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PROTON-HYDROGEN  EXCITATION  AT  HIGH  AND  INTERMEDIATE  ENERGIES 
Carlos  0.  Reinhold  and  Jorge  E.  Miraglia 


Instituto  de  Astronomfa  y  Fisica  del  Espacio,  C.C.:  67,  Sue.:  28,  1k28  Buenos  Aires,  Argentina 
So  far,  the  continuum  distorted  wave  (CDW)  theoretical 

I  I  I  I  I  I  I 

method  has  been  used  to  calculate  electron  capture 

processes^.  However,  this  method  can  be  straightforward-  10.  — 

ly  extended  to  calculate  direct  processes2.  We  have  _  \  H*H(1S)“* 

computed  the  proton-hydrogen  excitation  with  the  CDW 

s 

method.  The  results  3re  shown  in  the  figure.  Good  ’  . . 

agreement  with  the  experiments  is  found  for  proton  ^ 

energies  larger  than,  say,  75  KeV.  .  But  at  intermediate  “ 

□  a  / 

projectile  energies  the  CDW  largely  overestimate  the 

experiments.  ^ 

For  the  present  reactions  the  Coulomb  peaking  impulse 
approximat ion  (CPIA)  should  be  more  appropiate  .  This 

* 

method  consists  of  replacing  the  electron-projectile 
continuum  interaction  in  the  entrance  chanel ,  within 

the  CDW  formalism,  by  the  Coulomb  logarithmic  phase  jq  N.C  DW  j-j*!*  |-|  ( 1  £ )  — « 

factor.  Results  with  this  approximation  are  also  shown 

in  the  figure.  Better  agreement  with  the  experiments  . . 
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.1  LlCPIA 


100. 

PROTON  ENERGY  (KeV) 


FIGURE:  Total  cross  sections  of  excitation  levels 
n  =  2,  3  and  of  hydrogen  by  proton  impact, 
theory:  as  indicated 

4 

experiment:  £  ;  Park  et  al.  (1976). 

Q  :  Morgan  et  a  1 ?  ( 1 973 ) * 
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DIFFERENTIAL  CROSS  SECTIONS  FOR  THE  EXCITATION  OF  ATOMIC  HYDROGEN 
BY  LITHIUM  IONS  AT  INTERMEDIATE  ENERGY* 

J.  L.  Peacher  and  G.  Bhattacharya 

University  of  Missouri-Rol la ,  Rolla,  Missouri  65401  USA 


Differential  cross  sections  for  the  excitation  of 
atomic  hydrogen  from  its  ground  state  to  its  first 
excited  state  in  collision  with  singly  charged  lithium 
ions  were  recently  measured.^  The  Glauber  approxima¬ 
tion  has  been  quite  successful  in  describing  a  variety 

of  atomic  collision  processes  in  the  intermediate  to 
2  3 

high-energy  range.  Franco  presented  a  modified 
Glauber  approximation  to  describe  collisions  between 
intermediate  to  high-energy  atoms  or  ions  and  atomic 
hydrogen.  Franco  applied  the  theory  to  the  excitation 
of  atomic  hydrogen  from  its  ground  state  to  its  first 
excited  state  by  singly  charged  helium  ions.  The 
theoretical  results  were  in  good  agreement  with  experi- 
mental  data.  Recently  Peacher  et  al.  presented  a 
modified  Glauber  approximation  with  the  same  simple 
analytical  structure  as  the  first  Born  approximation 
to  describe  collisions  between  complicated  atom  or  ion 
projectiles  and  atomic  hydrogen.  Peacher  et  al.  ap¬ 
plied  the  theory  to  the  excitation  of  atomic  hydrogen 
from  its  ground  state  to  its  first  excited  state  by  a 
hydrogen  molecular  ion.  Again  the  theoretical  results 
for  the  differential  cross  section  were  in  good  agree¬ 
ment  with  experimental  data. 

The  collision  studied  here  is 
Li+(ls2)  +  H(ls)  -  Li+(ls2,  8)  +  H*(n=2), 
where  P  is  the  scattering  angle.  Angular  differential 
cross  sections  have  been  calculated  for  this  collision 
system  using  the  modified  Glauber  approximation  devel¬ 
oped  by  Peacher  ejt  al.  (Gl)  and  the  modified  Glauber 
approximation  developed  by  Franco  (G2).  A  simple  one 
parameter  variational  wave  function  was  used  to  repre¬ 
sent  the  ground  state  of  the  lithium  ion.  The  results 
are  shown  in  the  figure  for  an  incident  laboratory 
energy  of  43.8  keV  for  the  lithium  ion.  First  Born 
approximation  results  are  shown  for  comparison.  The 
Gl  results  are  in  reasonable  agreement  with  the  avail¬ 
able  experimental  results.  This  energy  corresponds  to 
a  velocity  of  0.5  a.u.  which  is  low  for  a  Glauber-type 
approximation.  Presumably  the  agreement  would  improve 
at  higher  incident  energies.  However  at  present  this 
is  the  only  energy  at  which  experimental  results  are 
similar.  Both  results  fall  well  below  the  experi¬ 
mental  data  at  large  scattering  angles.  The  Gl  results 
have  nearl/  the  same  shape  as  the  experimental  results 
at  large  scattering  angles  but  are  a  factor  of  '0.5 
low.  In  the  modified  Glauber  approximation  (Gl) 
developed  by  Peacher  £t  al.  the  angular  distribution 


of  the  scattered  ion  is  basically  determined  by  the 
angular  distribution  that  would  be  obtained  by  scatter¬ 
ing  a  bare  particle  with  the  mass  and  charge  of  the 
ion.  This  angular  distribution  is  multiplied  by  the 

form  factor  of  the  incident  ion. 
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The  H  ion  has  only  two  bound  states,  the  Is  S-. 

2  3  e  U 

ground  state  and.  a  2p  P  excited  state.  The  properties 

of  the  bound  excited  state  were  predicted  by  Drake1  and. 

2  3 

confirmed  by  Jacobs  et  al.  *  ,  but  nave  not  been  firmly 

2  3  e 

established  experimentally.  The  2p  P  state,  which  has 

a  binding  energy  of  only  9.5  meV,  decays  spontaneously 

with  a  lifetime  of  1.73  ns  into  a  neutral  H(ls)  ground 

state  atom,  a  photon  and  an  electron.  It  is  the  onlv 

known  atomic  state  where  the  energy  is  partitioned 

among  the  decay  products.  The  decay  leads  to  a  broad 

continuum  on  the  long  wavelength  side  of  Lyman  . 

Although  satellite  observations  in  stellar  atmospheres 

m  4 

suggested  the  existence  of  tne  excited  H  state  ,  ore- 
vious  attempts  to  observe  it  under  controlled  laboratory 
conditions  have  failed5*^. 

2  3  e 

We  made  an  attempt  to  detect  the  2d  P  statu  of 
the  H*  ion  by  observing  the  H(ls)  d  cay  product.  A 
highly  collimated  beam  of  ground  state  H*  ions  (energv 
below  140  keV)  is  crossed  with  a  thermal  Hg  bean  inside 
a  static  electric  field.  The  excited  H~  ions  which  are 
presumably  formed  in  glancing  collisions  with  Hg  atoms 
survive  long  enough  as  charged  particles  to  be  notice¬ 
ably  deflected  by  the  electric  field  before  they  decay. 
The  decay-in-flight  of  the  excited  H*  ions  is  expected 
to  result  in  an  asymmetric  feature  on  the  angular 
distribution  of  the  neutrals  formed  by  direct 

neutralization  of  the  ground  state  H  ions.  Although 
2  3  e 

no  sound  evidence  of  the  2p  PH  ions  was  found,  in 

our  experiment,  we  were  able  to  establish  a  limit?  from 

the  statistical  analysis  of  our  data  it  was  found  that 

our  search  would  have  been  successful,  if  the  cross 
2  3  e  - 

section  for  formation  of  2p  P  11  ions  in  collisions 

of  ground  state  ions  with  Hg  atoms  had  been  larger 
-20  2 

than  1x10  cm  .  It  is  conceivable,  though  rather 

2  1a 

unlikely  that  the  lifetime  of  the  2p  p  state  of  the 
H*  ion  is  somewhat  shortened  in  our  experiment  by  the 
static  electric  field  of  1-1.5  kV/ctn. 
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As  a  by-product  of  our  experiment,  we  have  ob¬ 
tained  the  first  differential  (in  angle)  charge 
transfer  cross  sections  for  hydrogen  ions  colliding 
with  mercury  atoms  for  scattering  angles  in  the  range 
3°  to  15°  and  for  small  angle  forward  scattering. 
Details  of  the  cross  section  measurements  will  be 
presented  at  the  Conference. 
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THE  EXCITATION  OF  SODIUM  ATOMS  BY  PROTON  IMPACT 
0.  Scholler  and  J.S.  Briggs 

Fakultat  fur  P'nysik,  University  of  Freiburg,  W.  Germany 


The  excitation  of  neutral  sodium  atoms  in  collision 
with  protons  has  been  calculated  using  an  atomic  state 
expansion  impact-pa-ameter  method  in  the  energy  range 
from  a  few  keV  to  a  few  MeV.  Specifically  the  excitation 
processes 


+ 

H  + 

Na(2p63s 

“S)->  H*  + 

Na ( 2p  3 

3s"  P)... 

,  a) 

+ 

and  H  + 

Na  (2p**3s 

2  ,  + 

S)-*  H  + 

Na(2p** 

3p  ~P)... 

.  (2) 

have  been 

studied . 

In  a  target 

-based 

expansion 

the  time' 

dependent  Schrodinger  equation  has  been  solved  in  the 
following  approximations,  of  decreasing  sophistication. 

i)  In  treating  the  processes  (1)  and  (2)  all  seven  2pfe  3s 
electrons  are  retained  in  an  expansion  of  the  wave- 
function  in  25  Na-States.* 

ii)  Only  the  initial  and  final  states  of  transition  (1) 
or  (2)  respectively  are  retained,  when  the  close- 
coupling  problem  reduces  to  a  one-electron  problem. 

iii)  The  coupled  equations  are  solved  in  a  first  order 
(Born)  approximation.  The  results  for  transition  (1) 
are  identical  to  those  obtained  by  Theodosiou  et  al.^ 
using  the  PWBA. 


CROSS  SECTION  FOR  Na<2p-3si  -  EXCUAiiu* 


FIGURE  1  Total  cross  section  for  Na(Jp)  excitation. 
Theory: —  25  state  close  coupling  (i),  -*  state  close 

coupling  (ii), - Born  approx imat ion  (iii): 

Experiment:  Hintermaver  et  al.  (proton  impact), 

Kefller (e lect ron  impact). 

i.n  Fig.  I  results  for  process  ( 1 )  are  compared  with  the 
experimental  data  of  the  Freiburg  group  for  proton"*  and 
electron^  impact.  It  turns  out  that  in  the  energy  regime 
from  10  to  30  keV,  the  2p-shell  excitation  is  well  des¬ 
cribed  only  by  method  (i).  In  the  higher  energy  range 
all  approximations  converge  to  the  ‘rst  Born  result 


whose  validity  in  this  range  is  indicated  by  agreement 
with  electron  impact  data  (v  is  the  velocity  of  the  pro¬ 
ton  and  v»  =1.67  a.u.  is  the  orbital  velocity  of  the  2p- 

2p 

electron) . 


CROSS  SECTION  t-OR  Na(3s-3p>  -  EXCITATION 


FIGURE  2  Total  cross  section  for  Sa(3s)  excitation. 
Theory: — ,  -.-,  -  see  Fig.  1:  curve  A,  Born  appro¬ 
ximation^:  B,  close  coupling3:  C,  Born  approximation' 
Experiment:  electron  impact,  Enemark  et  al.  Buekman 


Fig.  2  shows  our  results  for  process  (2)  in  comparison 

to  other  calculations3***  and  to  the  experimental  data 
7  8 

of  Enemark  et.ai.  and  Buekman  et  al  for  electron 
impact.  The  results  of  method  i)  and  ii)  coincide.  The 
excitation  of  the  3s-electron  is  not  affected  by  the 
Na-core-  as  expected. 
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EXCITATION  OF  THE  Na(3d)  LEVEL  BY  H”,  H*.  or  IONS 
L.  W.  Anderson,  James  S.  Allen,  Chun  C.  Lin  and  R.  E.  Miers 
Department  of  Physics,  University  of  Wisconsin,  Madison,  WI  53706  USA 


We  report  measurements  of  the  apparent  excitation 
cross  sections  of  Na  atoms  by  incident  H“,  H*f  Hj,  or 
ions  with  energies  in  the  range  1-25  keV  for  the 
reaction  H“  (or  H+  or  H£  or  Hj)  ♦  Na  -*•  Na(3d).  The 
apparent  cross  section  is  the  sum  of  the  cross  sections 
for  both  the  excitation  of  the  Na(3d)  level  directly  and 
by  cascade  from  higher  levels. 

Our  apparatus  has  been  described  previously. 1 »2  An 
ion  beam  is  extracted,  accelerated,  focussed,  momentum 
analyzed  and  collimated.  The  collimated  beam  enters  a 
Na  vapor  target,  A  Na  reservoir  is  connected  to  the 
target  by  a  1.8  cm  i.d.  tube.  Both  the  Na  reservoir  and 
the  target  are  heated.  The  Na  density  in  the  target  is 
governed  by  the  temperature  of  the  Na  in  the  reservoir 
and  by  the  temperature  of  the  target.  Inside  the  Na 
vapor  target  is  an  electron  gun  and  a  suppressed  Faraday 
cup.  The  electron  gun  and  Faraday  cup  are  coaxial  with 
the  ion  beam.  The  electron  gun  cathode  rotates  in  and 
out  of  the  beam  axis.  Thus  either  an  electron  beam  or 
an  ion  beam  can  pass  through  the  Na  vapor  interaction 
region  and  enter  the  Faraday  cup.  Since  the  interaction 
geometry  of  the  electron  beam  is  identical  to  that  of 
the  ion  beam,  it  is  possible  to  measure  directly  the 
ratio  of  the  apparent  cross  section  for  Na(3d) 
production  by  ions  to  the  apparent  cross  section  for 
Na(3d)  production  by  electron  impact  from  the 
corresponding  intensity  ratio  of  the  3d  -*■  3p  emission, 
which  exits  the  target  through  a  sapphire  window.  The 
light  passes  through  an  interference  filter  and  is 
focussed  onto  the  cathode  of  a  photomultiplier  tube. 

The  photocurrent  in  the  photomultiplier,  Iptj,  is 
measured  simultaneously  with  the  ion  or  e“  current,  Iq. 
For  low  Na  target  density,  n,  the  apparent  cross  section 
QA  is  given  by  QA  =  klp^/nlg,  where  k  is  a  constant 
depending  on  the  transmittance  of  the  window,  lens  and 
filter,  the  efficiency  of  the  photomultiplier,  the 
geometry  of  the  collision  region  viewed  by  the 
phototube,  and  other  factors. 

The  relative  values  of  QA  as  a  function  of  energy 
are  found  by  comparing  Ipm/Iq  for  different  ion  energies 
while  n  is  held  fixed.  We  measure  and  compare  Ip^/Ig 
for  15  keV  H*  ions  with  Ip^/Ig  for  100  eV  electrons 
keeping  n  fixed.  The  value  of  k/n  is  determined  using 
the  known  value  of  QA  for  electrons  incident  on  Na.^ 


The  absolute  values  of  0A  for  H",  H* ,  H*t  or 
incident  on  Na  are  shown  in  Fig.  1.  Tne  apparent 

_  H*  £Kfcf*GY  (keV) 

I  5  10  15  ?0  25 


FIGURE  1  Experimental  cross  sections  for  Na(3d) 
excitation  by  H“ ,  H*f  H,,  or  ions  as  a  function  of  th« 
velocity  of  the  incident  ion.  Also  shown  are  the  Na(^d) 
electron  excitation  cross  sections. 

cross  sections  for  the  excitation  of  the  Na(jd)  level  by 
ions  are  large  being  4 .7x ICT^cm2  for  H*  ions  with  an 
incident  velocity  of  1.5xl06  m/s  and  3.8x10**16  cm2  for 
H~  ions  at  the  same  velocity.  The  cross  sections  for 
excitation  by  H*,  H*,  and  ions  are  nearly  identical 
functions  of  the  ion  velocity.  The  cross  section  for 
excitation  by  ll*  ions  is  nearly  the  same  as  the  electron 
excitation  cross  section  at  high  velocities.  The  cross 
section  for  excitation  by  U“  ions  is  about  20%  lower 
than  the  H*  ion  cross  section  at  high  velocities.  Tne 
cross  sections  are  about  an  order  of  magnitude  smaller 
than  the  corresponding  Na(3p)  cross  sections.  Tne 
Na(3d)  cross  sections  are  expecteJ  to  lar.je  because 
the  principal  quantun  number  is  unchanjeJ  in  the 
excitation . 
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INELASTIC  DIFFERENTIAL  SCATTERING  CROSS  SECTIONS  FOR  EXCITING  30,  66.7,  AND  150  keV  Mg  IN  COLLISION  WITH  He: 

Mg+(3s)  +  He  -*  Mg+(3p)  +  He  and  Mg+(3d  or  4s)  +  He  # 


E.  Redd,  D.  M.  Blankenship,  D.  G.  Seely,  T.  J.  Gay,  J.  L.  Peacher,  and  J.  T.  Park 


University  of  Missouri-Rolla ,  Roila,  Missouri  65401  USA 


Quasi-One-Electron  (QOE)  collision  systems  have 


been  studied  extensively  in  the  1  to  15  keV  energy 
range. ^  Recent  absolute  differential  cross  section 


measurements  at  30,  66.7,  and  150  keV  have  been  per¬ 
formed  using  the  University  of  Missouri-Rolla  Ion 


Energy-Loss  Spectrometer  (UMRIELS).  Data  was  obtained 


for  the  processes 


Mg  (3s)  +  He  ►  Mg  (3p)  +  He 


Mg  ( 3d  or  4s ) 


for  center  of  mass  angles  less  than  35  mrad.  A  multi¬ 


state  impact  parameter  calculat ion“  for  the  first 


process  has  been  converted  to  differential  cross 
sections  for  comparison  to  the  present  results. 

The  UMRIELS  has  an  energy  resolution  of  0.8  eV 


and  center  of  mass  angular  resolution  of  0.8  mrad  for 


this  system.  The  energy  resolution  is  sufficient  to 
easily  resolve  the  excitation  of  Mg+  to  the  3p  state 
at  4.42  eV  energy-loss.  The  circles  in  the  Figure 
represent  the  differential  cross  section  for  this 


process  at  66.7  keV.  Integration  gives  a  total  cross 


section  of  3.3  i  1.0  x  10  ^  cm^. 


The  3d  and  4s 


states  could  not  be  resolved,  but  energy-loss  spectra 
reached  a  local  maximum  nearest  to  the  value  expected 
for  exciting  the  Mg+(3d)  state  at  8.86  eV.  That  was 
the  energy-loss  value  used  in  obtaining  the  differ¬ 
ential  cross  section  at  66.7  keV  represented  by  the 
squares  in  the  Figure.  Integration  of  this  differen¬ 


tial  cross  section  over  angle  gives  a  total  cross 


section  of  9.9  *  3.0  x  10 


These  total  cross 


sections  are  larger  than  those  reported  by  N.  Andersen, 


et  al .  Our  experiment  differed  from  that  of 


N.  Andersen,  et  al.  in  that  our  measurements  were 


unaffected  by  cascade  and  did  not  depend  on  detector 


calibration. 


The  solid  line  in  the  Figure  represents  the 


three-state  (3s,  3pQ,  3p^)  impact  parameter  calcula¬ 
tion  of  Nielsen  and  Dahler.*^  The  calculated  result 


was  presented  as  probability  vs.  impact  parameter. 
It  was  converted  into  an  angular  differential  cross 


section  vs.  angle  using  a  potential  given  by 


Sondergaard  and  Mason.  The  total  cross  section  cal¬ 


culated  by  Nielsen  and  Dahler  is  1.474  x  10  ^  cm^. 


The  calculation  underestimates  the  total  cross 


section  by  a  factor  of  two.  The  differential  cross 


section  is  underestimated  at  the  angles  which  con¬ 


tribute  most  significantly  to  the  total  cross  section. 


The  calculation  overestimates  the  differential  cross 


section  at  larger  angles.  Comparisons  at  30  and 
150  keV  are  similar.  Considering  the  simplicity  of 
the  three-state  calculation  and  the  complexity  of  this 


system,  the  agreement  is  relatively  good. 


Supported  in  part  by  the  National  Science  Foundation. 
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ORBITAL  ANO  SPIN  ANGULAR  MOMENTUM  MU V"-  r  the  PRODUCTS  OF  Ho’  *'«  INELASTIC  COI I  ISTONS 
J.  Grosser,  R.Hasse,  H.  ^.Neitzke  and  H. Pfeiffer 
Institut  flir  Atom-  und  Molekiil physik ,  U" i -  rs-tat  Hannover,  Federal  Republic  of  Germany 


The  angular  distribution  of  the  photons,  which  are 
emitted  from  an  excited  atom,  carries  information  about 
the  angular  momentum  polarization  of  the  emitter.  We  use 
this  relationship  for  an  investigation  of  the  processes 

He*  +  Ne(2p6 ) 1 S0  -  He*  +  Ne(2p53s),P)  ,3Pj 
The  excited  atoms  radiate  after  the  collision, 

Ne(2p53s)1P1,3P,  -  Ne(2p6)1SQ  ♦  hu(73.6,74.4nm) 

We  detect  the  photons  in  coincidence  with  the  scattered 
He*  'ons.  There  are  two  aspects,  in  which  such  a  coinci¬ 
dence  experiment  is  superior  to  an  analysis  of  all  pho¬ 
tons  emitted:  (1)  The  information  to  be  derived  is  rela¬ 
ted  to  a  well  defined  scattering  angle,  and  (2), using  th 
conservation  law  for  the  reflexion  symmetry  of  the  elec¬ 
tronic  wave  function  at  the  scattering  plane,  it  is  pos¬ 
sible  to  derive  properties  of  the  second  collision  prodi  t 
(He*)  from  measured  properties  of  the  first  one  (Ne).  As 
the  electronic  spin  takes  part  in  the  operation  of  refle¬ 
xion,  we  are  able  to  distinguish  between  processes,  in 
which  the  He*  spin  direction  remains  unaltered  in  the 
.ollision  (t-*-t  or  *— *)  and  processes,  in  which  the  spin 
is  reversed  (+■*+  or  W)  . 

We  use  the  y-axis,  which  is  at  right  angles  to  the 
ollision  plane,  as  the  quantization  axis.  When  the  He* 
spin  before  the  collision  points  upward,  the  asymptotic 
form  of  the  wave  function  is 

eiC?!f>i1S>+  (t; 

elkr/r  [ +  > i m j  =  7 >  +  f_^  j  ♦> jnij  =-1>  +  fg U>  ;mj=0>] 

he  kets  refer  to  the  He*  ion  and  to  the  Ne  atom,  respec¬ 
tively.  For  this  initial  condition,  other  combinations  of 
ngular  momentum  quantum  numbers  than  those  occuring  in 
eq.l  are  forbidden  by  reflexion  symmetry.  When  the  He* 
spin  before  collision  points  downward,  the  allowed  wave 
functions  are  obtained  from  eq.1  by  reversing  all  spin 
quantum  numbers.  In  both  cases,  an  inverted  He*  spin  is 
accompanied  by  an  excitation  of  the  Ne  atom  to  a  state 

with  m,=0,  an  uninverted  spin  by  an  excitation  to  m.=±1. 

J  2  2  2  ^ 

The  quantities  jfg!  ,!fj,  +  i f _ j '  and  fjf_*  can  be  deri¬ 
ved  from  our  experiments.  Because  the  He*  ions  are  not  p<  - 
larized  in  the  actual  experiment,  and  because  we  do  not 
distinguish  between  1 P 1  and  3P1  emission,  the  actual  expe¬ 
rimental  results  are  averages,  which  is  indicated  by  a  be¬ 
aver  the  symbols. 

As  an  example  for  our  experimental  results,  the  black 
circles  in  fig.1  show  the  fraction  of  He*-spin  inverting 
collisions  as  a  function  of  the  collision  energy.  The  im- 


rig.1  Black  circles:  percentage  of  He*-spin  inverting 
■ollisions  for  a  fixed  value  of  the  impact  parameter 
^CMCCM= 1 0 70e Vdeg ) .  Open  circles:  percentage  ^products 
ntegrated  over  all  impact  parameters. 

ict  parameter,  measured  by  the  reduced  scattering  angh 

•G  was  held  constant.  The  open  circles  show  the  frac- 

3  2 

ion  of  P;  radiation  in  the  total  emission  (Isler  ). 

In  a  model  in  which  the  spin-orbit  interaction  is 

neglected  for  the  time  of  the  col  1 ision  .the  following 

relation  can  be  shown  to  hold 

V^V2  -  1/2  cl^^/lol^,)  *  o(' P,))  (2) 

The  cross  sections  occuring  at  the  right  hand  side  are 
the  differential  cross  sections,  which  are  not  known; 
when  the  differential  triplet  to  singlet  ratio  may  be 
replaced  by  the  integral  one,  eq.2  requires  that  the  up¬ 
per  curve  in  fig.l  is  twice  the  lower  curve.  This  is  not 
what  we  observe  experimentally.  We  conclude  therefore 
that  the  spin  orbit  interaction  must  be  taken  into  ac¬ 
count.  The  argument  would  be  much  more  conclusive,  when 
our  results  were  separated  into  their  singlet  and  trip¬ 
let  contributions.  We  are  performing  experiments,  in 
which  the  collisions  occur  in  a  weak  magnetic  field. 

The  field  rotates  the  light  angular  distributions.  Be¬ 
cause  the  optical  lifetimes  of  the  triplet  and  singlet 
states  are  different,  they  are  differently  rotated,  al¬ 
lowing  to  separate  their  contributions. 

1)  J. Grosser, H.-P.Neitzke,  Z.Phys.A  304(  1981)49 

2)  R.C. Isler,  Phys.Rev.A10  (1974)2093 


OPTICAL  MODEL  THEORY  OF  ELASTIC  H  -  H 
AND  H*  -  He  SCATTERING  AT  INTERMEDIATE  VELOCITIES 

+  ♦  . 

R.M.  Potvliege  ,  C.J.  Joachain  and  F.  Furtado 

*  +Physique  Theorique,  Universite  Libre  de  Bruxelles*  Belgium 
Departamento  de  Fisica,  Universidade  Nova  de  Lisboa,  Portugal 


Recently,  angular  distribution  measurements  have 

become  available  for  elastic  proton  scattering  by 
1  2 

atomic  hydrogen  and  helium  at  intermediate  relative 
velocities  1  <  v  ^  2  (in  a.u.).  In  this  work,  we  have 
calculated  the  corresponding  differential  cross  sections, 
using  an  ab-initio  optical  potential  approach.  We  first 
evaluate  the  second  Born  amplitude,  by  using  the  closure 
approximation,  including  exactly  the  contribution  of 
low-lying  states.  We  then  obtain  the  corresponding 
complex  eikonai  phase  by  Fourier-Bessel  transformation. 
The  resulting  eikonai  optical  scattering  amplitude 
provides  an  all  order  unitarisation  of  the  two  first 
terms  of  perturbation  theory,  taking  into  account  an 
infinite  number  of  channels  in  an  approximate  way. 
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In  the  above-mentionned  treatment  it  is  difficult 
to  take  into  account  the  influence  of  charge-exchange 
channels  on  the  elastic  scattering  process,  since  charge 
exchange  corresponds  to  an  all-order  rearrangement  of 
the  Born  series.  This  effect  is  negligible  at  large 
enough  collision  energies  but  should  be  incorporated  in 
the  theoretical  description  at  intermediate  velocities. 

In  order  to  investigate  this  problem,  we  have 

extracted  a  correction  to  the  elastic  optical  model 

amplitude  from  the  elastic  amplitude  obtained  in  a  two- 

state  charge-exchange  approximation,  in  which  we  have 

minimised  the  double  countings  arising  from  the  piece 

of  the  Born  series  present  in  both  amplitudes.  As  an 

example,  we  show  in  Fig.  I  our  second-order  optical 

potential  results  (short  dashed  curve)  together  with 

our  results  corrected  for  the  presence  of  the  charge- 

♦ 

exchange  channel  (full  curve),  for  the  case  of  H  -  H 
scattering  at  a  proton  laboratory  energy  of  25  keV 
(v  3  1).  The  corrected  results  are  seen  to  be  in  very 

close  agreement  with  the  multistate  Sturmian  expansion 
3 

calculation  of  Shakeshaft  ,  represented  by  the  long- 
dashed  curve,  and  with  the  experimental  data*.  As 
expected,  we  find  that  the  difference  between  our  two 
sets  of  theoretical  results  decreases  as  the  relative 
velocity  increases.  Results  will  also  be  presented  for 
the  case  of  proton-helium  elastic  scattering. 


1  2  3 

Fig.  1.  Differential  cross  sections  for  the  elastic 

scattering  of  protons  by  atomic  hydrogen,  at  a 
laboratory  collision  energy  of  25  keV  (v  =  I). 

-  :  second  order  optical  potential  results, 

-  :  second  order  optical  potential  results, 

corrected  for  the  presence  of  the  charge  exchange 
channel,  -  -  -  :  multistate  Sturmian  expansion 
calculation  of  Shakeshaft  .  The  experimental 
data  are  those  of  Rille  et  al  . 
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AB  INITIO  CALCUly  f  1 Cj»  Of  •  OX-d.. iA4J,  CDRil-.C  FCtt  it.E 
GROUND  AND  EXCITED  oThi-o  Of'  AND  C2+ 


Cui  Zuolin 


Pan  Ohoui'u 


Institute  of  Atomic  and  Molecular  Physics 
Jilin  University  Changchun,  P.  h.  China 


The  ootential  curve  between  atom-atom  and 
atom-ion  is  an  important  Dnysics  quantity  in  all 
of  science,  especially  in  collision  tneory.  in 
order  to  calcul  te  scattering  cross  sections,  one 
must  have  the  knowledge  about  the  potential  curve 
of  the  system  questioned.  In  this  rarer,  using 
M  N  xEhG/UCS1  wnich  nas  been  transplanted  on 
H-lb'M  computer  ny  us,  we  nave  calculated  tne 
potential  curves  of  the  ground  and  excited  states 
of  and  C^.  In  our  calculation,  we  have  used 
6-3 1 G  and  6-3' 'G  basis  sets.  The  calculated 
results  are  listed  in  Table  I  and  IX. 


’sS  ..  . 

____3_u _ 

-R  ( A )" 

E(au ) 

E(au  ) 

0.6 

-72.71 1827 

-72.322691 

0.8 

-74.5oi885 

-74.223070 

1 .0 

-78.206283 

-74.90590b 

1  • 

-75.338026 

-75.090899 

i  .it 

-76.342664 

-73.093' ' 1 

1  .b 

-75.282640 

-75.035711 

1 .8 
2.0 

_ 

'aole 

li  potential  curves 

of  _ 

4  Eg 

,  CJf-  _ 

~A(l) 

E(au) 

Elau) 

0.6 

-71 .329553 

-71 .740723 

0.8 

-73.617812 

-73.920413 

1 .0 

-74.874335 

-74. 69b 123 

1  .3 

-73.003920 

-74.915267 

1  .4 

-73.036152 

~74.939bl 4 

1  .b 

-73.035713 

-74.908792 

1  .8 

-74.998226 

-74.8/O513 

r-  *0 

-74.960477 

-74.83616b 

We  have  also  made  the  geometry  optimization 
calculations,  obtaining  the  equilibrium  positions 
of  C2  and  C2*  and  the  lowest  values  of  tne  ooten- 
tial  curves.  Our  results  are  listed  in  Taole  ill 
and  xV. 


'able  ili  Re  and 

Ee  Of  C2 
'*6 

present 

work 

other  work^ 

expt.3 

( e(  1.258 

1 .233 

1  .  >42 

:elau)-75. 3b3iOO 

-75.26497 

- 

_  _ _ 

present 

work 

other  work'’ 

exrt.5 

<e(‘)  1.305 

1  .298 

1 .312 

!elau  1-75.447729 

-75.354  38 

- 

Table  IV 

He  and  Eg 

of  C* 

_  _ ^  _  . 

present 

work 

Poplec 

Verhaegen3 

He(l) 

1 .404 

1.412 

Ee(au) 

•75.036  ib7 

-74.9768! 

- 

2HU 

present 

work 

Pople^ 

Verhaege- 5 

He  ( A ) 

1.345 

1.358 

1.312 

Ee(au)  - 

•74.941994 

-74.83908 

- 

We  have  also  performed  configuration  inter¬ 
action  calculations(CI)  for  1  Jg  Cj)  at  >  =  1  .2  Jt 
and  for  ^  Eg  (C2* )  at  H  =  1  .4  a,  obtaining  corre¬ 
lation  energies  and  total  Cl  energies. They  are 
-0.05  and  -75.5,c) 63' 1  hartree  ,  -0.1b  and  -73.10 
38139  hartree  respectively.  Our  Ci  calcula¬ 
tion  is  direct  CI  metnod.  It  has  b-  en  made  by 
two  stens.  At  first, we  have  made  30f'  calculation 
under  a  single  reference  configuration,  obtain¬ 
ing  MO  coefficients  and  MU  energies.  Then  we 
have  classified  the  MO  according  to  valid  point 
group  symmetry.  In  our  calculation,  they  ere  Ct.v 
for  C2  and  L>2h  for  ^2*  respectively,  i.ext  the 
integral  transformation  from  «0  basis  to  Mu  basis 
are  made  and  configurations  are  generated.  Then 
multi-configuration  OCr  calcul  tion  is  made  and 
correlation  energy  is  calculat  d.  in  our  calcu- 
lation.we  hav-  includ  d  single,  double  excitation 
with  resnect  to  the  refer  nee  configuration  and 
5OO  configurt  tions  at  most. 
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SIMULTANEOUS  TRANSFER-EXCITATION  IN  HIGH  ENERGY  ION-ATOM  COLLISIONS 


D.  Mclaughlin  and  Y.  Hahn 


*  Physics  Department,  University  of  Hartford,  Hartford,  CT  06117  USA 
+  Physics  Department,  University  of  Connecticut,  Storrs,  CT  06268  USA 


When  high  energy  ions  collide  with  a  target  atom, 
a  multitude  of  processes  can  take  place,  leading  to 
excitation,  ionization  and  charge  transfer.  One  parti¬ 
cular  mode  of  reactions,  the  resonant  transfer-excita¬ 
tion  (RTE),  is  of  special  interest,  not  only  because  of 
its  exotic  nature,  but  also  for  its  relationship  to  the 
dielectronic  recombination  (DR)  in  electron-ion  colli¬ 
sion.  It  is  schematically  described  by 
.  z+ 


+  B 


(z-l>+  **  + 

(AU  L)  )  +  B 


(az‘1)+)*  +  i  , 


a) 


which  may  be  compared  with  the  DR, 
.  z+ 


(z-n+  ** 

(AU  L)  ) 


L 


Y  .  (2) 


The  target  B  in  (1)  is  assumed  to  play  the  role  of 
providing  the  ’free  electrons’  in  the  process  (2). 

These  two  processes  are  related  in  the  impulse  picture. 
For  a  proper  analysis  of  (1)  in  terms  of  (2),  therefore, 
a  reliable  unfolding  of  the  binding  effect  of  the  elec¬ 
trons  in  B  is  required. 

The  experimental  data  of  Tanis  et  al1  and  Clark  et 
2  3 

al  were  analyzed  previously  in  terms  of  the  DR  cross 
4  5 

sections  '  and  the  target  electron  profile  of  B. 
Recently,  Feagin  et  al^  made  an  attempt  to  provide  a 
theory  of  (1)  from  the  ion-atom  collision  point  of 
view,  in  which  both  the  RTE  and  the  additional  non¬ 
resonant  (NTE)  amplitudes  were  considered.  A  more 
complete  formulation  has  been  given^,  in  which  the 
interactions  responsible  for  the  DR-like  process  in  (1) 
are  properly  incorporated,  with  the  full  effect  of  the 
radiation  channels.  In  addition,  the  NTE  amplitude 
was  also  constructed,  identifying  the  interactions  that 
cause  this  process.  The  overlap  between  the  non-ortho- 
gonal  electron  orbitals  for  the  initial  and  final  states 
plays  an  important  role. 

In  order  to  simplify  notation,  consider  a  two-electron 
system 

(a+ej)  +  (b  +  e2>  - ^  (a+ej-*^)  +  b  +  Y*  (1*) 

A  B  A*  B' 

The  scattering  amplitude  for  (1')  is 

RTe  t-a/te  O) 


i-  -  > 


+  T “TB 

r 


where,  assuming  the  impulse  approximation  and  the  plane 
wave  approximation  for  the  ion  cores  to  be  valid, 


?  h 


OK 


Cl  *8 


(4) 


and 


I  E-e^f/x^' ±X- 


(5) 


In  (4)  and  (5),  T^  is  the  off-shell  DR  amplidute,  tXt 
is  the  excitation  amplitude  for  the  projectile  electron 
in  A,  and  C^,^*  *s  t*ie  over^aP  between  the  initial  and 
final  states  for  electron  2.  A  closure  approximation 
is  used  in  (5)  for  the  non-resonant  part. 

We  will  present  a  detailed  numerical  calculation  of 
the  amplitudes  (4)  and  (5),  and  the  resulting  cross 
sections  for  a  number  of  systems  for  which  experimental 


data  are  already  available 


1,2 


Dependence  of  the  cross 


sections  on  the  number  of  electrons  N.  and  on  the  core 

A 

charge  will  be  carefully  examined.  Our  study  will 


focus  on  the  ions  with  N. 


2,  3  and  4. 
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rile  process  of  troisfer  and  excitation  (TE)  ca«. 
best  be  under  stood  be  sorting  out  the  possible 
i  nt er  u- 1 i ons ,  concentrating  separately  on  the  dominant 
ones,  ani  thus  producing  j  model  which  explains,  and 
agree-*  nua!  i  tat  i  vel  v,  with  the  experimental  evidence  so 
far.'  The  highly  charged  projectile  has  usually  a  much 
greater  unclear  charge  than  the  target,  making  the 
impulse  approx i ma t i on  appropriate.  The  three 
iiteractions  important  in  bringing  about  the  transition 
are  the  repulsion  between  the  two  active  electrons,  and 
the  forces  between  the  nuclei  and  the  electrons.  At 
the  proper  projectile  ve loci  tv,  the  energy  exchange  Is 
confined  to  the  two  active  electrons,  and  as  a  result 
of  the  electron-electron  interaction  the  transfer  and 
excitation  Cakes  place.  This  process,  called  resonance 
transfer  and  excitation  (RTE),  becomes  more  important 
as  the  nuclear  charge  of  the  projectile  increases.  On 


the  other 

hand,  if 

the 

target 

nucleus 

exc i t  es 

the 

project  1  le 

elect ron 

at 

the  sam 

e  t  i  me 

the  target 

electron  i 

s  captured, 

the 

final  state  is 

reached 

hut 

the  two  processes  are  uncorrelated .  This  non-resonance 
transfer  and  excitation  (\’TE)  dominates  in  projectiles 
with  lower  atonic  number  «nd  is  always  important  at  a 

lower  projectile  ve loci  tv  than  RTE.  Recent  experiments 

__  n  n 

have  shown  clearlv  distinct  NTH  and  RTE  peaks.-*' 

Our  calculations,  based  upon  the  above  model 

(reference  1)  using  hvdrogenic  wave  functions,  predict 
the  general  shape  if  the  total  TF.  curve  for  all 
transitions  to  the  L  level  as  a  function  of  the  ratio 
of  projectile  velocity  to  its  K-shell  electron  velocitv 
for  various  projectiles  (Figure  1).  'ur  results  show 
well  the  general  trend  of  TE  with  projectile  atomic 

number  ind  of  RTb  with  velocity.  The  theoretical  NTK 
oeak,  however,  occurs  at  a  higher  energy  than  that 

observed  i  i  expo  r  i  ’*rl  t  s  .  '  *  * 

We  find  that  the  most  interesting  i  iterference 
effects  ire  descerniMe  only  when  individual  final 

states  .are  examined.  ‘•’or  a  given  final  state  there  mav 
be  munv  pathwavs  which  can  interfere.  For  example,  a 
final  state  2s2p  (either  singlet  or  triplet)  can  be 
achieved  either  bv  excitation  of  the  projectile 
electron  to  the  2s  state  and  capture  of  the  target 
electron  to  the  2p,  or  the  reverse.  Each  combination  can 
happen  either  through  NTK  or  RTF,  giving  a  total  of  four 
amplitudes  and  thus  six  possible  f nt e r f e rence  terms. 


The  exchange-type  interference  is  very  important  for  NTE 
and  gives  rise  to  interesting  effects  (Fig.  3).  Here  It 
can  he  seen  that  the  energy  dependence  for  NTE  is  quite 
characteristic  of  the  final  state,  whereas  ail 
transitions  in  RTE  have  essentially  the  same  behavior 
(Fig. 2).  When  the  amplitudes  for  the  two  processes  are 
added  proper lv  and  squared  to  give  the  probability  for 
TE,  distinctive  behavior  is  shown  for  each  final  state 
(Fig. 4),  The  triplet  2s2p,  not  shown,  follows  the 


singlet  and  is  about  ton  percent  greater. 
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Previous  experimental  studies*'^  have  shown  the 
existence  of  r e sonan t - t r a n s f e r-and-e xc i t a t i on  (RTE) 
involving  electron  capture  coincident  with  projectile  K- 
shell  excitation.  Calculated^  RTE  cross  sections  for 
litbiumlike  ions  based  on  theoretical  dielectronic 

4 

recombination  cross  sections,  give  good  agreement  with 

the  measurements  for  sulfur,  calcium,  and  vanadium  ions 

12  5 

incident  on  helium  targets.  *  Additional  measurements 

for  Ca^+  +  H,>  collisions  are  also  in  good  agieement 

with  theory. 

It  is  expected  that  RTF.  should  also  occur  in  the  L- 
shell,  i.e.  for  electron  capture  coincident  with 
projectile  L.-shell  excitation.  To  Investigate  this 
process  we  have  measured  projectile  I,  x-ray  emission 
coincident  with  single  electron  capture  for  455-710  MeV 
j^I.a4®  +  +H2  collisions.  This  work  was  done  at  the 
Lawrence  Berkeley  Laboratory  using  the  SuperHTLAC.  The 
results  are  shown  in  Fig.  1  in  which  c^ap  denotes  the 
total  cross  section  for  Lap  x-iay  emission  wh i ’ e  ®2gp  ,s 
the  cross  section  for  LaP  x-rays  coincident  with  single 
electron  capture.  (The  l.o  and  I.p  lines  we :  e  not  resolved 
in  this  work). 

In  the  figure  it  is  seen  that  exhibits  a 

pronounced  resonant  behav ; or  with  a  maximum  near  550 
MeV.  In  addition,  Oj  also  shows  a  maximum  neai  the 
same  energy.  Since  a£Qp  is  equal  to  nearly  two-thirds 
of  aT«  at  550  MeV,  this  obs eivation  of  resonant 
behavior  in  the  singles  x-iay  yreld  Oj  (lp  is  expected. 

At  present  there  are  no  DR  cioss  secton 
calculations  with  which  to  compare  these  L- shell  RTF 
results.  In  the  figure  we  show  the  calculated^  Augei 
4G  + 

electron  eneigies  for  La  transformed  to  the  electron 
rest  fiame  for  three  of  the  strongest  transitions^  •  n 
singly  ionized  La.  These  calculations  show  that  the 
maximum  in  o|^Gp  occurs  at  an  energy  consistent  with  that 
expected  on  the  basis  of  specific  allowed  Augei 
transitions. 

This  work  was  supported  in  part  by  the  U.  S. 
Department  of  Energy,  Division  of  Chemical  Sciences  cud 
the  Office  of  Fusion  Energy,  and  the  Science  and 
Engineei ing  Research  Council,  Great  Britain. 
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CORRELATED  AND  UNCORRELATED  ELECTRON  CAPTURE  AND 
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Recent  experimental  studies*'^  have  provided  strong 
evidence  for  resonant-transfer-and-exc i t  a  t  i  on  (RTE)3  in 
ion-atom  collisions  in  which  electron  capture  and  inner- 
shell  exc.tation  occur  together  as  a  correlated 
election-electron  process  in  a  single  encounter.  A 
related  question  is  whether  electron  capture  and 
projectile  excitation  can  occur  in  a  single  encounter  by 
means  of  separate  uncorrelated  e 1 e c t r o n -n u c 1 e u s 
interactions.  This  two-step  process  is  called  non- 
resonant-transfer-and-excitat ion  (NTE).^’*  Experimental 
evidence  for  NTE  has  recently  been  obtained  in  Si**+  + 
He  col  1  is  ions. ^ 

We  report  new  evidence  for  NTE  in  15-200  MeV 
+  He  collisions  obtained  using  the  Brookhaven  Tandem  Van 
de  Graaff.  Fig.  la  shows  the  cross  section  for  total 
projectile  K  x-ray  emission,  <J£ap.  and  the  cross  section 
for  projectile  K  x  rays  coincident  with  single  election 
capiu.e  s  !>een  that  exh  bits  a  maximum 

near  130  MeV  due  to  RTE  and  a  maximum  near  30  MeV 
attributed  to  NTE.  The  dashed  curve  is  the  calculated^ 
RTE  cross  section  (multiplied  by  0.85)  and  the  solid 
curve  is  a  calculated  NTE  cross  section  obtained  from 
the  product  of  the  K-shell  excitation  cross  section  and 
the  probability  for  capture  to  the  L-shell.^  This 
product  has  been  normalized  to  the  data  near  30  MeV. 

Fig.  lb  shows  the  ab  initio  calculations  of  Reeves 
and  Feagin^,  for  the  ls^2s  -->  ls2s^2p  and  ls^2s  --> 
Is2s2p^  transitions  only.  which  include  both  the 
uncorrelated  (NTE)  and  correlated  (RTE)  contributions  to 
charge  transfer  and  excitation.  These  calculations,  in 
which  the  lower  energy  maximum  arises  from  the 
uncorrelated  amplitude  (NTE)  and  the  higher  energy 
maximum  arises  from  the  correlated  amplitude  (RTE), 
provide  substantial  qualitative  agreement  with  the 
measuted  eneigy  dependence  of  <*£ap-  The  narrower  RTE 
width  in  Fig.  lb  compared  to  the  corresponding 
width  in  Fig.  la  is  due  to  the  fact  that  only  the  two 
transitions  mentioned  above  have  been  included  in  the 
calculations . 

This  work  was  supported  in  part  by  the  U.S. 
Department  of  Energy,  Division  of  Chemical  Sciences  and 
the  Office  of  Magnetic  Fusion  Energy,  and  the  Science 
and  Engineering  Research  Council,  Great  Britain. 
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In  single  collisions  between  ions  and  atoms  inner- 
shell  vacancies  may  be  created  by  excitation, 
ionization,  and  charge  transfer.  These  processes  may  be 
isolated  by  measuring  coincidences  between  K  x-ray 

emission  and  projectile  charge-changing  events.  Recent 

1  2 

work  '  has  also  shown  that  excitation  and  charge 
transfer  can  occur  together  in  a  single  encounter  due  to 
a  correlated  electron-electron  interaction,  a  process 
referred  to  as  resonant-t ransfe r-and-exc itation  (RTE). 

We  have  measured  cross  sections  for  calcium  K-shell 
x  rays  coincident  with  electron  capture  and  loss  for 
180-302  MeV  Ceq+  +  H2  collisions  (q  =  16+.  17+,  18+, 
19  +  ).  In  addition,  cross  sections  for  total  K  x-ray 
emission  and  total  electron  capture  and  loss  cross 
sections  were  obtained  at  the  same  time.  This  work  was 
performed  at  the  LBL  SuperHILAC. 

Figure  1  shows  the  K  x-ray  cross  sections  obtained 
for  Ca17  +  +  H2  collisions.  oKap  is  the  total  calcium  K 
x  ray  ( i.c.  Ko  +  Kp)  emission  cross  section,  is  the 

cross  section  for  calcium  K  x  rays  coincident  with 
single  electron  capture,  and  is  the  cross  section 

for  calcium  K  x  rays  coincident  with  single  electron 
loss.  The  measured  cross  sections  for  K  x  rays 
coincident  with  double  electron  capture  and  loss  were 
negligible.  Results  similar  to  those  shown  for  Ca*7  + 
were  obtained  for  the  other  charge  states  investigated. 

From  the  figure  it  is  seen  that  Ogap  exhibits  a 
rising  trend  over  the  energy  range  investigated  with 
some  indication  of  structure.  On  the  other  hand, 
is  strongly  resonant  with  two  maxima  and  is 

generally  flat  except  for  a  suggestion  of  minima  near 
205  MeV  and  260  MeV. 

The  maxima  in  are  attributed  to  RTE  as  seen  by 

comparison  with  the  calculated  RTE  cross  section^ 
(dashed  curve).  The  "resonant*  widths  are  narrower 
than  those  obtained  previously  for  Ca17+  ♦  He  collisions 
due  to  the  smaller  electron  momentum  distribution  in  the 
H2  target.  For  the  same  reason  the  minimum  between  the 
peaks  is  considerably  deeper  for  the  H2  target.  For 
energies  >  260  MeV  the  discrepancy  between  experiment 
and  theory  is  very  similar  to  that  observed  for  Ca  + 
He  collisions)  the  origin  of  this  discrepancy  is  not 
understood  at  present. 


The  data  suggest  that  the  structure  in  both  Ogap 
and  ere  correlated  to  the  maxima  in  This  is 

the  first  time  we  have  observed  such  structuie  in  Ogap 
in  the  RTE  resonance  region.  Since  -  0.20  and 

since  contributes  to  it  might  be  expected  that 

the  resonant  behavioi  in  would  affect  0gap*  It  is 

more  difficult,  however,  to  explain  the  apparent 
structure  in  since  one  would  expect  this  cross 

section  to  be  independent  of  oj[ap. 
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FIGURE  1.  Projectile  cross  sections  for  Ca 
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In  theoretical  calculations  of  single-electron 
capture  in  high-energy,  multiply-charged  ion-atom  colli¬ 
sions,  the  cross  sections  are  found  to  vary  monotomi- 
cally  with  the  projectile  energy. 

Evidence  of  structure  in  the  energy  dependence  of 
single-electron-capture  cross  sections  has  been  found  in 
the  present  measurements  of  electron  capture  in  180  to 
3L5  MeV  cV1  (q=16  to  19)  collisions  in  H^- 

Results  for  Ca1&  +  and  Ca17  +  are  shown  in  the 
„  18+  19+ 

fLjure  1.  (The  results  for  Ca  and  Ca  are  similar.) 
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decreasing  background,  the  increase  in  the  electron- 

-21  2 

capture  cross  section  is  approximately  2  x  10  cm  , 
which  is  of  approximately  the  same  magnitude  as  the  RTE 
cross  section. 

A  second  broader  maxima  in  the  RTE  cross  section 
is  observed  at  6.9  MeV/amu.  In  the  present  electron- 
capture  cross  sections  no  distinct  structure  is  observed. 
However  there  are  indications  that  RTE  is  contributing 
to  the  electron-capture  cross  section  in  that  the  energy 
dependence  in  this  region  is  not  as  pronounced  as  might 
be  expected.  In  the  present  measurements  the  energy 
dependence  in  this  region  varies  from  about  E°  to  E  ^ , 

whereas  the  electron  capture  cross  section  might 

2  -4 

normally  be  expected  to  decrease  at  around  E 

The  results  illustrate  the  necessity  to  include 

RTE  in  theoretical  formulations  of  ion-atom  collision 

interactions. 
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Figure*  1,  Sing Le-elec tron  capture  cross  sections  for,0» 
Ca1*'  and,£,  Ca17+  in  The  error  bars  indicate  the 

relative  uncertainties. 

For  all  charqe  states  there  is  a  distinct  increase 
in  the  electron-capture  cross  section  at  around  5.4  MeV/ 
amu.  This  can  be  attributed  to  a  contribution  from 
resonant-transfer  and  excitation  (RTE) 1  to  the  electron- 
capture  channel.  This  structure  occurs  at  the  same 
energy  as  the  first  maximum  in  the  RTE  cross  section  for 
these  collision  partners.  Assuming  a  monotonically 
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The  transfer  of  electrons  from  rare  gases 
(He.Ar.Xe)  into  3.6  -  4.7  MeV/u  «2Smq+  projectiles  was 
studied  for  high  incoming  charge  states  q  with  33  £  q 
<  54.  The  L-  and  M-x-ray  emission  of  the  projectile 
was  used  to  extract  information  on  different  electron 
capture  processes.  Additionally,  to  a  pure  capture  of 
target  electrons,  a  projectile  core  excitation  may 
occur.  These  transfer  and  excitation  processes  can  be 
of  resonant  and  of  non-resonant  type,  called  RTE  and 
NTE,  respectively  (Refs.  1  and  2).  Information  on  all 
three  processes  -  capture,  RTE,  and  NTE  -  will  be 
extracted  from  the  q  dependent  x-ray  spectra. 

Transfer  and  excitation  processes  have  been  found 
recently  by  measuring  the  K  x-ray  emission  for  Li -like 
projectiles  in  coicidence  with  charge  changed  projec¬ 
tiles.  The  impact  energy  dependence  of  the  cross 

1  2 

sections  gave  the  signature  for  RTE  and  NTE  ’  .  In 
decelerating  highly  charged  Sm  projectiles  -  for  the 
ASO  method  see  Ref.  3  -  we  were  able  to  study  L-shell 
RTE  and  NTE  processes  without  any  coincidence  require¬ 
ments.  This  is  due  to  the  fact,  that  at  high 
projectile  charge  states  and  correspondingly  low 
projectile  velocities  electron  capture  processes 
dominate  strongly  any  pure  excitation  or  ionization 
processes  in  the  projectile.  The  signature  for  RTE  and 
NTE  is  here  the  charge  state  dependence  of  the  x-ray 
cross  sections. 

Figure  1  summarizes  some  of  the  measured  x-ray 
cross  sections  as  a  function  of  projectile  charge 
state.  The  Sm-M  radiation  reflects  the  capture  to 
excited  projectile  states.  After  opening  of  the 
projectile  L-shell  -  q  >  52  -  the  captured  electrons 
can  cascade  down  to  the  L  shell  giving  rise  to  the 
tremendous  L  x-ray  emission.  From  a  detailed  analysis 
of  the  total  L  x-ray  spectra  the  original  n,1 
distribution  of  captured  electrons  could  be  extracted. 
For  one  Incoming  projectile  L  vacancy,  for  example, 
the  capture  into  the  4f  level  dominates. 

The  Sm  (  L^+L  )  x-ray  cross  section  in  Fig.  1 
reflects  in  some  way  the  number  of  Lj-shell  vacancies 
after  a  collision.  In  the  charge  state  range  46  <,q 
52  (closed  Incoming  L  shell)  we  find  a  hump  in  the 
^ ‘L  x-ray  cross  section.  We  attach  this  hump  to  the 
L>M.M .  -  RTE  process  with  a  total  maximum  cross 

'  J  I 

section  of  a  ^  '  2  x  10  '*  cm*.  This  is  about  two 
orders  of  magnitude  larger  than  reported  in  the 

literature  2.  In  detail  the  observed  hump  is  due  to 


the  increase  of  the  projectile  binding  energies  En 

with  the  charge  state  q.  Only  for  q  around  48  the  RTE 

condition  |E.  |  -  ]EU  +EU  |  =  rn  V*  .  /2  can  be  ful- 
Lj  n-  n.  e  proj. 

filled  for  the  various  4i.  .-subshells,  resulting  in 
the  cross  section  enhancement. 

The  NTE  process  was  observed  for  excitation 
between  L  subshells  of  the  Sm  projectile  for  incoming 
L  vacancies.  Incoming  L-vacancies  (  q  >,  53)  are 
certainly  in  the  Lj-subshell  and  not  in  the  L2  shell 
at  the  beginning  of  the  collision.  This  is  due  to  the 
short  lifetimes  in  such  a  high  atomic  number  projec¬ 
tile.  All  the  x-ray  transitions  to  the  L*  shell, 
called  Lg  in  Fig.  1,  are  therefore  caused  by  a 
non-resonant  excitation  of  a  L2  electron  into  the  open 
Lj  shell  in  connection  with  a  capture  of  a  target 
electron  into  higher  shells.  The  NTE  cross  section  was 
found  for  this  process  to  be  oNTE  =  2  x  10”1*  cm*  for 
q  »  54.  This  value  has  to  be  compared  to  the  single 
electron  capture  cross  section  extracted  to  be  for  q  = 

54  0,,.  =  8  x  10*1'  cm*, 
capt 


35  kO  55  SO  55 


PROJECTILE  CHARGE  STATE  q. 

Figure  1  L  and  M  x-ray  emission  cross  section. 
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EXC ITATION  AND  IONIZATION  IN  SI1I+  +  He  COLLISIONS 
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Using  an  experimental  arrangement  Illustrated  and 
described  in  a  recent  paper  by  Clark  et.  al.  *,  we  have 
measured  Si  K  x-ray  excitation  cross  sections  (Fig  i), 
Si^+  to  Si^-+  single  ionization  cross  sections  (Fig.  2) 
and  Si  K  x-rays  in  coincidence  with  Si^+  ions  (Fig.  3) 
arising  from  Si^+  on  He  over  the  energy  ranges  shown  in 
the  figures.  Work  is  in  progress  to  extend  these 
measurements  to  H2»  Ne  and  Ar  target  gases.  We  conclude, 
based  on  these  results  and  those  of  reference  1,  where 
Si^  +  on  He  for  the  case  of  electron  capture  and  K  x-ray 
excitation  were  measured,  that  the  primary  process 
giving  rise  to  K  x-ray  production  in  this  energy  range 
is  the  ls-2p  excitation  of  the  Si^+  projectile  without 
either  capture  or  loss  of  an  electron  taking  place. 
This  is  because  the  coincidence  cross  sections  for 
either  capture  or  loss  are  less  by  an  order  of  magnitude 
than  the  x-ray  excitation  cross  sections.  Also  theory 
is  in  agreement  with  this  assumption.  The  solid  curve 
in  Fig.  1  is  a  ls-2p  excitation  cross  section 
calculation  of  McAbee^.  To  compare  it  with  the  data  a 
f luorescesence  yield  must  be  included,  and  this  would 
bring  the  theory  well  below  experiment  since  it  is 
thought  to  be  of  order  0.3. 

Furthermore  it  appears  that  in  the  case  of  the 
coincidence  data  shown  in  Fig. 3,  the  primary  process  Is 
L-electron  ionization  and  ls-2p  projectile  excitation 
rather  than  K-electron  ionization  and  2s-2p  excitation 
leading  to  a  K  x-ray  in  coincidence  with  the  ion  beam 
which  lost  one  electron.  This  conclusion  is  based  on 
theoretical  calculations  of  McAbee^,  as  well  as  the  fact 
that  L-shell  ionization  is  far  more  probable  In  the 
energy  regime  for  this  experiment.  The  solid  curve  in 
Fig.  3  shows  a  scaled  ECPSSR  calculation  for  K-shell 
ionization  and  the  dotted  curve  shows  a  scaled  ls-2p 
excitation  calculation.  Neither  of  these  is  quite 
appropriate,  because  the  observed  process  is  a  double 
one  i.e.  excitation  and  ionization.  More  precicely. 
Impact  parameter  dependent  excitation  and  ionization 
probabilities  should  he  convoluted  to  obtain  the 
theoretical  cross  section  for  the  double  process. 
Nevertheless  the  data  does  follow  the  trend  with  energy 
for  the  excitation  calculation. 

As  for  the  electron  loss  data  (Fig.  2),  the 
absolute  values  of  the  cross  sections  are  more  than  10 
times  the  singles  K^  x-ray  cross  section  at  60  MeV  and 
much  more  at  lower  projectile  energies.  The  rise  in 


ionization  cross  section  at  25  MeV  is  suggestive  of  L- 
shell  velocity  matching  which  should  occur  at  ~  34  MeV. 
(K-shell  velocity  matching  occurs  at  -  136  MeV). 

In  the  light  of  the  new  information  obtained  here 
and  progress  in  the  theory,  it  would  be  interesting  to 
reanalyze  the  1978  work  of  Doyle  et.  al.^,  who 
calculated  the  charge-state  dependence  of  the  mean  K- 
shell  fluorescence  yields  of  Si9+  ions  on  He. 

This  work  was  supported  by  the  Chemical  Sciences 
Division,  U.S.  D.O.E. 

*  Present  address,  Physics  Department,  Western  Michigan 
Univ,  Kalamazoo,  MI  49008 

tPhysics  Department,  North  Carolina  State  University  and 
TUNL  4'| . I 


1  !  .  : - ’ - ' - ' - 

- - - r 

-j — 

/  i 

‘  /  * 

/  • 

/  \ 

. . . i _ 

i 

_ i _ L 

ENERGY  i  MeV  i 


ENERGY  (MeV) 


Si"*»He 

-i  '  i — i — i — > — r 

rrl2* 

°Si  K 

)- 

• 

A 

>- 
— i — i  i 

-Ja  ‘  *  '  iA  »  JL 

Fig.  3  X 

N 

£ 


Energy  (MeV) 

References : 

1.  M.  Clark,  D.  Brandt,  J.  K.  Swenson  and  S.M.  Shafroth, 
Phys.  Rev.  Lett.  ^4,  544  (1985). 

2.  T.  L.McAbee,  Nucl.  Instrum.  Methods  214 ,  89  (1983). 

3.  B.  L.  Doyle,  U.  Schiebel,  J.  R.  Macdonald,  and  L.  D. 
Ellsworth,  Phys.  Rev.  A  17,  523  (1978). 


.*.*.**  w  -  .  • 


.vv-yy-v 

Xv.y-; 

ojCv 


v'vv.-Mv 
v  v  v.v„\ 


tm  '  :m 

v''8  7" 


.  ■  .  •  .  *  . 


/V'.v ' 

mr  .• 


mho 


399 


TARGET-THICKNESS  DEPENDENCE  OP  THE  Au  L  X-RAY  YIELDS 
PRODUCED  BY  2.5  MeV/amu  SULPHUR  IONS 

A.Berinde,  C.Ciortea,  AI.Enulescu,  Daniela  Fluerasu,  I.Piticu  and  V.Zoran 
Central  Institute  of  Physics,  P.O.Box  MG “6,  Bucharest,  Romania 


In  energetic  ion-atom  collisions  the  electron  cap¬ 
ture  (EC)  to  the  bound  states  of  the  projectile  shows  up 
e.g.  as  projectile-charge-state  dependence  and  (solid) 
target- th ickness  dependence  of  the  observed  X-ray  yields. 
Compared  to  the  K  X-rays,  its  Influence  on  the  L  X-ray 
yields  is  by  far  less  studied^.  Part  of  an  effort  to 

2 

obtain  reliable  L-subshell  ionization  cross  sections  , 
this  work  provides  the  first  investigation  of  target¬ 
thickness  dependence  of  the  heavy  partner  L  X-ray  yields 
in  asymmetric  collisions. 

By  means  of  two  HPGe  X-ray  detectors  located  at  18° 
and  90°  relative  to  the  beam  axis  we  measured  the  abso¬ 
lute  X-ray  yields  by  80  MeV,  9+  $  ions  bombarding  0-3-250 
2 

ug/cm  Au  targets-  The  overall  experimental  uncertainty 
is  of  the  order  of  10%.  The  results  are  shown  in  Fig.l. 

To  the  measured  L  X-ray  yields  we  fitted  as  a 
function  of  the  target  thickness  t  the  two-component 
model  of  Betz  et  al  : 

3  j(t)  =  a  .  -  (b./t)  [1  -exp(-at)  ] 

i  -  a,  3,  y  (1) 

a-  =  o^+o?(a  /a);  b-  =  0^(0  /a^) 

1  1  1  v'  '  i  1  '  v  7 

Here  3  is  the  sum  of  the  cross  sections  for  K-vacan- 

cy  production  (ov)  and  quenching  in  the  pro iect i le. The 
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Figure  1  .  Absolute  Au  L  X-ray  yields  3xi  ( •  *#v>  R>V)  vs 
the  target  thickness  for  0x=l8°(o)  and  90° ( • ) .  Full 
line:  fit  to  the  data  according  to  eqs.(l). 


contribution  to  the  thin  target  X-ray  yields  of  EC  to 
the  outer  shells  has  been  estimated  to  be  less  than  54 
and  has  been  neglected.  Thus  and  are  the  target 
X-ray  production  cross  sections  by  direct  ionization  and 
EC  to  the  projectile  K-shell,  respectively.  In  deriving 
eqs.(t)  we  also  assumed  constant  degree  of  excitation  in 
the  Au  outer  shells  along  the  tarqet.  Indeed  within  the 
errors  we  have  found  the  same  X-ray  energy  shift  and 
L^/L ^  ratio  for  all  targets.  The  fit  gives  J*1  . 30 ( 12)xl0 
kb  and  the  results  shown  in  Table  I. 

Table  1.  Result  of  fitting  eqs .  ( I )  to  the  data. 

All  values  in  kbarns 

1  3  y 

oc(ov/o )  1.59(G)  0. 61.(6)  0.053(6) 

ad  2.71  (25)  1 .3303)  0 . 13  (2) 

The  cross  sections  for  EC  from  the  target  L-sub- 
shells  to  the  projectile  K-shell  have  been  calculated 
with  the  formulae  of  Nikolaev**,  by  using  for  Au  the  expe¬ 
rimental  binding  enemies  and  for  S  the  binding  energy 
for  an  averaqe  charge  state  q  *  13-  When  multiple  ioniza¬ 
tion  is  taken  into  account  (according  to  ref. 2),  the 
ratios  (33/3a)c  =  0.35  and  0  1)C  *  0.031  are  lower 

than  the  experiment  by  only  a'Jout  204. From  jC  and  Taale  1, 

an  equilibrium  fraction  3/3  =  0.02  of  S  ions  with  one  K- 
vacancy  within  the  tarqet  could  be  inferred.  Scalinq  3 
by  a  semi emp i r i ca 1  factor  would  bring  this  value  in  clo¬ 
ser  agreement  to  the  corresponding  post-foil  fraction"’. 

From  the  X-ray  angular  distribution  in  the  range 
0^  =*  15°  -  90°  we  obtained  the  L^-vacancy  alignment  para¬ 
meter  h  A2  q  *-012(3)  and  -0.095(*O  for  6.3  and  1 36  .-g/cm^, 
respectively.  Even  after  correctinq  for  the  Coster-Kron Ig 
attenuation  {.  =  0.8  -  0.9),  the  alignment  remains  inde¬ 
pendent  of  the  tarqet  thickness,  at  variance  with  the 
predictions  of  the  1st  order  EC  theory  .  Also,  its  thin 
target  value,  like  ^  of  Table  1,  is  in  disagreement  to 
advanced  SCA  calculations^. 
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L-SUBSHEll  VACANCY  PRODUCTION  AND  MULTIPLE  IONIZATION  EFFECTS  IN  S+Au 

COLLISIONS 

A.Berinde,  C-Ciortea,  AI.Enulescu,  Daniela  Fluerasu,  I.Piticu,  and  V.Zoran 
Central  Institute  of  Physics,  P.O.Box  MG-6,  Bucharest,  Romania 


In  order  to  investigate  the  influence  of  the  multi¬ 
ple  ionization  upon  the  ratios  of  the  L-subshell  vacancy 
production  cross  sections  as  obtained  from  the  X-ray 
yields,  we  bombarded  a  70  -g/cm^  sel fsuppor ted  Au  target 
with  0.5“2.5  MeV/amu  S  ions  end  detected  the  X-rays  at 
55°  relative  to  the  beam  axis  by  using  a  HPGe  detector. 

Assuming  a  multiple  binomial  distribution  for  outer 
shell  vacancies  and  using  the  scaling  rule  of  Larkins*, 
we  have  found  for  the  LX-ray  yields  the  wel i  known  rela- 
tions  ,  where  the  (effective)  atomic  parameters  are  ex¬ 
pressed  in  terms  of  those  for  the  singly-ionized  atom  and 
of  the  probabilities  p.  of  single-electron  ejection  from 
the  i-M-,  N-,  and  0-shells  simultaneously  with  l-shell 
ionization,  we  checked  that  this  procedure  is  valid  for 
PM  values  at  least  as  high  as  0.2.  Compared  to  our  pre¬ 
vious  work  for  lighter  ions^,  the  present  results  take 
into  account  the  blocking  of  the  ^  Coster-Kron ig 

transition  in  the  presence  of  an  M- vacancy • 

The  probabilities  pM  and  p.^  entering  the  effective 
atomic  parameters  were  obtained  from  the  L  /L  and  L  /L 

l  a  n  y 

yield  ratios,  respectively,  measured  under  S  bombardmentT 
and  compared  to  the  corresponding  ones  measured  with 

^  1  1  FI  PiirA  1  P#»rtnrh«»a  ntn- 


~~\  Figure  1  Perturbed  ato¬ 
mic  parameters  relative 
:  to  their  values  for 
singly-ionized  Au  atom 
I  vs  bombarding  energy, 
with  (full  symbols)  and 
without  (open  symbols) 
blocking  the  & 

I  Coster-Kronig  ’ 

transition 


0.5  1 

E  (MeV/amu) 


2.5  MeV  protons.  The  latter  are  considered  to  be  characte 
ristic  for  s i ngl y- ion i zed  atoms.  Thus,  the  present  method 
of  investigating  the  outer-shell  ionization  is  a  method 
of  "yield  shifts".  Knowing  ,  we  extracted  pQ  from 


/Lv  vs  Lv 


In  the  energy  range  0 . 5”2 . 5 


03  1  3  03  1  3 

E  (MoV/amu) 

Ionization  cross  section  ratios  evaluated  with 
unperturbed  (o)  and  perturbed  (•)  atomic  parameters. 


MeV/amu  pM  is  increasing  from  0.038  to  0.128,  pN  =  0.1*3 
and  Pq  is  decreasing  from  0.1*5  to  0.1*2.  These  probabili¬ 
ties  give  the  number  of  the  spectator  vacancies  in  the 
subshells  involved  in  the  L-vacancy  decay,  irrespective 
how  they  were  produced  (ionization,  rearrangement, 
shake-off,  etc.). 

The  multiple  ionization  reduces  by  about  30%  re¬ 
lative  to  its  s  ing  1  y- ion  i  zed  atom  value,  while  and  id  ^ 
are  increased  by  about  20%  up  to  30%  when  the  projectile 
energy  varies  from  16  to  80  MeV.  Mostly  affected  by  the 
blocking  of  the  ^  transition  are  ^  and  f^* 

Their  values  relative  to  the  unperturbed  ones  are  com¬ 
pared  in  Fig.1  to  the  corresponding  ones  when  blocking 
is  neglected.  The  increasing  difference  between  the  two 
sets  of  values  reflects  the  increase  in  the  average 
number  of  M-vacancies. 

4 

Starting  from  the  atomic  parameters  o^  Krause  and 
the  radiative  partial  widths  of  Scofield"*  and  taking  into 
account  the  multiple  ionization,  we  extracted  from  the 
measured  X-ray  yields  the  ratios  Laancl  °L  ^°L  *  They 

are  compared  to  the  values  obtained  with  unperturbed 
atomic  parameters  in  Fiq.2.  The  multiple  ionization 
effects,  and  for  / a ^  especially  the  blocking  of  the 
Lj-l^M^  £-  Coster-Kronig  transition,  bring  the  energy  de¬ 
pendence  of  the  cross  section  ratios  in  qualitative  agree 
ment  to  that  observed  for  lighter  projectiles.  The  dicho¬ 
tomy  suggested  in  ref. 6  becomes  thus  superfluous. 

At  80  MeV,  the  target  thickness  dependence ^  of  the 
ratio  is  negligible,  while  the  value  of  °L2^3L3 
extrapolated  to  zero  thickness  is  by  only  18%  higher  than 
the  equilibrium  value.  Thus,  neither  multiple  ionization 
nor  electron  capture  to  the  projectile  can  explain  the 
discrepancy  between  the  experiment  and  the  predictions 
of  the  ECPSSR  theory  for  direct  ionization  (Fig. 2). 
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PROJECTILE  DEPENDENCE  OF  Au  IONIZATION  AT  0-5  AND  1  MeV/amu 
A.Berinde,  C.Ciortea,  AI.Enulescu,  Daniela  Flueraju,  I.Piticu  and  V.Zoran 
Central  Institute  of  Physics,  P.O.Box  MG-6,  Bucharest,  Romania 


Previously  *  we  studied  the  energy  dependence  of 
the  multiple  ionization  (Ml)  effects  upon  the  Au  L-shel I 
X-ray  yields  using  F  and  S  as  projectiles-  In  the  pre¬ 
sent  work  we  extend  these  studies  for  more  projectiles 
between  C  and  S,  at  bombarding  energies  of  0-5  and  1 
MeV/amu . 

In  order  to  obtain  information  on  the  outer-shell 

2 

ionization  we  used  the  method  of  yield  shifts  .  The 
single-particle  ionization  probability  of  the  M-shell 
denoted  p^,  is  small  at  the  impact  velocities  studied- 
Its  value  has  been  obtained  with  sufficient  accuracy  for 


F  and  5  only 


Vie  checked  for  these  two  cases  that 


within  15£  p..  varies  with  the  projectile  atomic  number 

as  Zp  Therefore  we  used  this  scaling  to  deduce  p^  for 

C,  0,  F,  Mg  and  Si  from  p  for  S  (0.038  at  16  MeV  and 

0.069  at  32  MeV).  The  -alue  of  p^  has  been  obtained  from 

the  L^/L^  intensity  ratio  for  protons  relative  to  that 

for  the  heavier  projectile.  The  corresponding  ratio  R 

has  the  form  1 1 -pN (Z, ) ]/ ( 1 -pN ( 1 ) ]  »  1 +pN ( 1 )  -  PN(Z,)  if 

one  is  assuminq  that  the  M-vacancies  are  concentrated  in 

the  M,  Q  subshells.  The  values  of  R  are  plotted  in  Fig.1 
5  2  2 

against  Z ^  -  I.  The  Zj  scaling  rule  oredicts  a  linear 


Figure  1.  The  ratio  R 
(o,  0.5  MeV/amu ; 

•,  1  MeV/amu)  vs 
Z*2”  1 .  Full  line: 
polynomial  fit  in 
1.  "  1. 


dependence  of  R  on  this  variable,  while  the  data  favour 
a  weaker  decrease,  in  qualitative  agreement  to  the  pre¬ 
diction  of  Becker  et  al.^.  From  a  polynomial  fit  to  the 

experimental  values  of  R  we  obtained  pu(Z,)  -  pu(1)  ■ 

7  N  1  N 

(-2.387  +  2.36  Z,  ♦  0.027  ly)  x  10  •  Finally,  from  the 

relation  between  L  /L  and  Lv  /Lv  intensity 

ratios  we  extracted  (1  -  Pq)/(1-  p^).  We  have  found  that 
this  probability  ratio  is  approximately  independent  of 
projectile  and  energy  and  in  what  follows  we  took  an  ave¬ 
rage  value  of  0.78. 

Using  the  above  outer-shell  ionization  probabilities 

to  modify  for  Ml  the  atomic  parameters  of  the  singly- 

I4  5 

ionized  atom  *  ,  we  evaluated  from  the  measured  yields 

the  cross  section  ratios  3,  /aL  and  a.  /o,  .  The  impor- 
1  2  L2  '“j 

tance  of  the  Ml  effects  is  expressed  in  Fig.  2,  !n  terms 


of  the  factors  and  by  which  these  cross  sectic 
ratios  differ  from  the  corresponding  ones  calculated 
with  unperturbed  atomic  parameters. 


'  V 


Figure  2 .  Variation  of  the  Ml  effects  upon  the  L-subshell 
ionization  with  projectile  atomic  number  and  energy 
(---,  0.5  MeV/amu;  _ ,  1  MeV/amu). 

Our  results  for  Au  L-subshell  ionization  are  compared 
to  the  predictions  of  the  united-atom  version  of  $CAb  in 
Fiq.  3-  A  similar  comparison  with  ECPSSR  has  been  done 
by  Jitschin?,  however  without  taking  into  account  the 
multiple  ionization.  Even  after  considering  it  in  the 
present  work,  the  subshell  cross-section  ratios  remain 
in  r*ross  disagreement  to  the  available  direct  ionization 
theories . 


r 
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Figure  3.  Au  L-subshell  ionization  cross  section  ratios 

vs  Z.  compared  to  SCA  calculations  (T,  - :  0.5  MeV/amu; 

•  .  - :  1  MeV/amu). 
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COMPILATION  AND  ANALYSIS  OF  K-SHELL  X-RAY  PRODUCTION 
BY  HYDROGEN  AND  HELIUM  IONS  IN  ELEMENTS  FROM  BERYLLIUM  TO  URANIUM 

G.  Lapicki 

Department  of  Physics,  East  Carolina  University,  Greenville,  North  Carolina  27834,  USA 


Rutledge  and  Watson  originated  extensive  tabula¬ 
tions  of  inner-shell  cross  sections  by  ionic  projectiles 
in  atomic  targets;  their  compilation  was  restricted  to 
K-shell  ionization  by  H  and  He  ions  and  reported  some 

600  x-ray  production  cross  sections  in  1973.  In  a  1978 
2 

sequel,  this  compilation  was  extended  to  about  1200 
x-ray  production  cross  sections  by  H  and  He  ions  and 
covered,  as  well,  K-shell  ionization  cross  sections  by 
ions  heavier  than  helium;  compilations  of  L-shell  ioniza- 

3 

tion  data  also  exist.  In  one  of  his  most  recent  analy- 

4 

sis,  Paul  uses  some  3200  cross  sections  for  protons 
alone  and  normalizes  these  data  to  predictions  of  the 
ECPSSR  theory.  In  our  original  analysis,^  we  have  scaled 
about  2600  K-shell  x-ray  production  cross  sections  to 
the  results  of  this  theory.  The  deviations  of  experi¬ 
ment  from  the  ECPSSR  theory  were  found  to  be,  on  the 

4 

average,  within  10%.  Analogous  analyses  by  Paul  re¬ 
vealed,  however,  that  this  theory  systematically  over¬ 
estimates  the  data  in  the  slow  collision  regime;  pro¬ 
gressively  so  with  the  decreasing  projectile  velocity. 

As  of  February  1985,  I  have  compiled  some  5400  K  x- 
ray  production  cross  sections  by  protons,  deuterons , 
and  He  ions.  After  conversion  to  K-shell  ionization 

cross  sections  ,  these  data  are  divided  by  the  pre- 

,  .  ,  c  ,  *  n  ...  6  FBORN  ,  . 

dictions  of  the  first  Born  approximation  a  and  the 

5  FCPS^R  ^ 

ECPSSR  theory,  ^  ♦  which  goes  beyond  the  first 

Born  calculations.  For  each  projectile,  the  ratios  so 
obtained  were  grouped,  arbitrarily,  in  equal  (0.2  in 
length)  intervals  on  the  log(v^/v2^)  scale;  v^  and 
are  the  projectile  and  K-shell  target  electron  velocities, 
respectively.  An  arithmetic  average  of  all  cross  sec¬ 
tions  in  each  group  so  defined  is  found,  all  data  within 
the  group  are  rejected  if  they  differ  by  more  than  a 
factor  of  2  from  this  mean,  a  new  average  is  found,  and 
the  rejection  is  made  again  from  all  data  in  the  group  by 
the  same  criterion.  Typically  in  two  but  no  more  than 
three  iterations,  the  averages  converge  to  constant 
values  which  are  plotted  in  Figure  1. 

Only  proton  data  are  analyzed  in  this  figure;  the 
data  for  other  projectiles  exhibit  similar  trends.  The 
failure  of  the  first  Born  approximation  and  the  relative 
success  of  the  ECPSSR  theory  are  confirmed  here. 

Residual  deviations  of  the  ECPSSR  theory  from  the 
data  are  statistically  significant.  While  the  data  for 
moderately  heavy  and  light  target  elements  are  in 
agreement  with  the  averages  of  all  data  and  with  this 
theory,  the  cross  sections  for  the  lightest  and  heaviest 


-1.4  -1.0  -0.6  -0.2  +0.2  +0.6 

1°g(vl/v2K) 


Fig.  1.  Ratios  based  on  circa  3600  experimental  cross 
sections  to  the  first  Born  approximation  (left-hand 
side  logarithmic  ordinate)  and  to  the  ECPSSR  theory 
(right-hand  side  linear  ordinate)  calculations;  7.^  is 
target’s  atomic  number. 

target  atoms  oscillate  in  opposite  directions  around 
these  averages.  Reasons  behind  nearly  complementary  dis¬ 
crepancies,  in  collision  systems  with  the  largest 
(2 1^2  =  and  the  smallest  {7^7^  =  1/80)  projectile- 

to-target  atomic  number  ratios,  will  be  discussed. 
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CHARACTRISTIC  FEATURES  OF  EJECTED  ELECTRON  SPECTRA  FOR  5-25  keV  He+  IMPACT  ON  NEON 
N.  Tokoro,  N.  Oda  and  T.  Ichimori 

Resarch  Laboratory  for  Nuclear  Reactors,  Tokyo  Institute  of  Technology,  Tokyo  152,  Japan 


Although  detailed  information  concerning  electron 
production  processes  of  ion-atom  collisions  can  be 
obtained  from  measurements  of  ejected  electrons  as 
functions  of  the  angle  and  energy  of  the  electrons, 
such  experimental  investigations  in  the  intermediate 
energy  region  (a  few  keV  to  several  tens  of  keV)  have 
been  rather  scarce  so  far.  More  data  for  various 
collision  systems  are  still  needed  to  study  electron 
production  mechnisms  from  the  viewpoint  of 
quasimolecular  approach.  Recently,  we  have  reported'^ 
strong  collision-velocity-dependent  features  for  both 
target  and  projectile  autoionization  peaks  in  the  He+- 

Ne  collision  system.  For  neon  lines,  autoionizing 

2  4  1 

states  with  2p  vacancies  such  as  K2s  2p  (  D)nln*l*  are 

dominant  for  incident  energies  less  than  10  keV, 

6  2 

whereas  those  with  2s  vacancy  such  as  K2s2p  (  s)nl  or 
5  13 

K2s2p  (  *  p)nl  are  dominant  for  higher  incident 

energies.  In  this  work,  measurements  have  been 

performed  at  extended  electron  energy  region  to 

investigate  continuum  part  of  spectra  for  the  He+-Ne 

collision  system.  Ejected  electron  spectra  at  90°  from 

5,  15  and  25  keV  He+-Ne  collisions  are  shown  in  Fig.  1. 

As  can  be  seen  in  Fig.  1,  the  energy  distributions  of 

continuum  electrons  are  well  represented  by  the 

exponential  functions  of  the  electron  energy.  Since 

the  exponential  energy  dependence  of  ejected  electrons 

having  such  a  functional  form  as  exp(-E*b/v),  where  E 

is  the  electron  energy,  b  is  a  constant,  and  v  is  the 

2) 

internuclear  velocity,  is  theoretically  expected  to 
result  from  the  direct  transition  to  continuum  states 
from  bound  states  of  quasimolecule,  we  determined 
parameters  A  and  B  in  the  function  A*exp(-B‘E)  so  that 


He*  -  Ne  90dog 


Fig.  1  Doubly  differential  cross  sections  for  production 
of  electrons  in  5,  15  and  25  keV  He^-Ne  collisions 


the  best  fit  to  the  experimental  continuum  spectra  is 
obtained,  and  reciplocals  of  B  as  functions  of  the 
internuclear  velocity  are  plotted  in  Fig.  2.  As  can  be 
seen  in  Fig.  2,  the  reciplocal  B  is  closely 
proportional  to  the  internuclear  velocity  in  accordance 
with  theoretical  formula.  On  the  other  hand,  similar 
dependence  of  energy  distribution  of  ejected  electrons 
has  been  reporteded  in  a  few  keV/amu  to  several  tens  of 
keV/amu  H+  impacts  on  hydrogen  and  nitrogen  molecules 

by  Rudd^  and  Nen+  impacts  on  neon  by  Woerlee  et. 
4) 

al.,  and  interpreted  as  a  result  of  the  so-called 
direct  MO  ionization.  Thus,  the  electron  production 
mechanism  for  the  continuum  part  in  the  present  He+-Ne 
collision  system  may  be  also  atributed  to  the  direct 
tmsitions  to  continuum  states  from  bound  states  of 
quasitnulecule  which  rapidly  promote  during  collision. 


Fig.  2  Reciplocals  of  B  plotted  as  functions  of  the 
internuclear  velocity 
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ELECTRON  EMISSION  IN  COLLISIONS  OF  C+  IONS 
WITH  ATOMIC  AND  MOLECULAR  TARGETS* 

L.H.  Toburen 
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Although  extensive  data  exists  regarding  the 
details  of  ionization  in  collisions  of  bare  ions  with 
atomic  and  molecular  targets,  there  have  been  few 
studies  of  the  energy  and  angular  distributions  of 
electrons  produced  in  heavy  ion-atom  collisions. 
Studies  for  low  energy  collisions,  i.e.,^1  au, 
indicate  that  the  primary  mechanism  responsible  for 
electron  emission  in  light  collision  systems  is 
direct  coupling  between  the  bound  and  continuum 
states  of  the  quasimolecule.1. 2  in  high  energy 
collisions  the  dominant  process  is  coulomb  ionization 
which  can  be  scaled  from  proton  results  if  proper 
account  is  taken  of  the  effects  of  screening.3.4 

The  present  study  addresses  the  intermediate 
energy  range  to  investigate  the  features  of  the  elec¬ 
tron  spectra  in  the  region  where  the  ionization 
process  is  in  transition  from  predominantly  molecular 
processes  to  those  of  a  coulomb  nature.  Data  were 
obtained  from  singly  charged  carbon  ions  with 
energies  from  800  keV  to  4200  keV  (-'4.3  to  7  au)  for 
He,  Ar,  and  CH4  targets  and  for  800  keV  to  2400  keV 
for  neon  targets.  Electron  spectra  were  recorded  at 
13  angles  from  15°  to  130°  for  ejected  electron 
energies  from  approximately  10  eV  to  1200  eV. 

The  electron  spectra  obtained  for  ionization  of 
neon  by  C+  are  remarkably  similar  in  shape  and 
magnitude  to  previous  results  for  neon  ions.1  This 
is  illustrated  in  Fig.  1.  In  all  cases  the  spectra 
approach  an  exponential  shape  at  the  higher  electron 
energies.  This  is  consistent  with  electron  emission 


via  coupling  between  bound  and  continuum  states  as 
discussed  by  Woerlee  et  al.1  and  Rudd2. 

It  must  be  emphasized  that  the  data  of  Fig.  1  are 
for  electron  emission  at  90°;  additional  spectral 
features  are  observed  at  other  emission  angles,  see 
Fig.  2.  The  exponential  shape  of  the  spectra  is  still 


FIGURE  2. 


evident  at  the  high  energy  end  of  each  spectrum,  but 
features  resulting  from  coulomb  processes  are  now 
present  at  lower  electron  energies.  In  particular  one 
observes  a  broad  peak  at  ve  *  v,  due  to  electrons 
stripped  from  the  moving  ion,  a  broad  distribution 
representative  of  a  binary  encounter  peak  (the 
kinematic  position  is  indicated  by  the  arrows  in  the 
15°  and  30°  spectra),  and  Auger  peaks  resulting  from 
inner  shell  ionization  of  the  incident  carbon  ion.  It 
is  expected  that  the  broad  range  of  data  developed  in 
this  study  will  enable  evaluation  of  the  relative 
significance  of  the  different  mechanisms  responsible 
for  ionization  in  this  energy  range. 

*Work  supported  by  U.S.  DOE  Contract  DE-AC06-76RL0 
1830. 
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IONISATION  AND  CHARGE  TRANSFER  IN  COLLISIONS  OF  H*  AND  He2+  IONS  WITH  LI  ATOMS 

M  B  Shah ,  D  S  Elliott  and  H  B  Gilbody 

Department  of  Pure  and  Applied  Physics,  The  Queen's  University  of  Belfast# 
Belfast,  United  Kingdom 


A  crossed  beam  coincidence  technique  incorporating 
t ime-of- f  1  i ght  spectroscopy  of  the  collision  products* 
has  been  applied  to  studies  of 


+  Li  -♦ 

tZ4  , 

X  +  Li  ♦  e 

single  ionisation 

(i) 

liZ-iU  ♦  Li  + 

one-electron  capture 

(2) 

-*■ 

X(Z-1,+  ♦  L>2*  ♦  , 

transfer  ionisation 

(3) 

-*■ 

X(Z+)  +  Li2*  +  2  e 

double  ionisation 

(4) 

Cross  sections  for  the  separate  processes  1-4  have 
been  separately  determined  for  XZ  ions  of  H4  and  He24 
at  impact  energies  within  the  ranges  43-2100  keV  amu-1 
and  22-1400  keV  amu'"1  respectively.  The  results 
provide  a  valuable  assessment  of  a  number  of  recent 
theoretical  predictions  and  are  relevant  to  schemes  for 
plasma  diagnostics  in  fusion  devices. 

The  primary  ion  beam  was  arranged  to  intersect  (at 
right  angles)  a  beam  of  Li  atoms  effusing  from  a  soft 
iron  furnace.  Slow  ion  and  electron  collision  products 
were  collected  by  a  transverse  electric  field  and 
seperetely  counted  by  multipliers.  Li4  or  Li24  product 
ions  were  distinguished  from  background  gas  ions  by 
their  characteristic  times  of  flight  to  the  multiplier. 
Ionisation  and  charge  transfer  events  were  recorded  by 
separately  counting  slow  Li  product  ions  in  coincidence 
with  electrons  and  a  coincidence  of  the  ions  with  a 
third  multiplier  used  to  detect  fast  charge  analysed 
X(Z  ^  collision  products2.  All  cross  sections  were 
normalised  by  reference  to  our  previously  measured 
absolute  He24  impact  cross  sections^  for  (2)  in  the 
range  22-200  keV  amu~*  and  are  subject  to  an 
uncertainty  of  1  20%  in  absolute  magnitude. 

Our  cross  sections  for  process  (1)  are  compared 
with  other  data  in  figure  1.  Previous  measuements  for 
equivelocity  electron  impact*'*  are  rather  smaller  than 
our  H4  impact  cross  sections  even  at  the  highest 
velocities,  but  the  agreement  is  still  within  maximum 
combined  uncertainties  of  35%.  Classical  impulse 
calculations^  for  H4  impact  and  CTMC  calculations?  for 
both  H4  and  He24  impact  are  in  excellent  agreement  with 
our  measurements.  Born  estimates®'^  for  h+  impact  all 
lie  below  our  measured  values. 

In  the  case  of  one-electron  capture,  our 
measurements  show  an  excellent  agreement  with  the  total 
cross  sections  o.c  aeasured  by  McCullough  et  a  1*  for 


He2  +  impact  over  a  wide  range  of  energies.  For  H4 
impact,  values  of  ol#  measured  by  Il'in  et  al11  are 
about  a  factor  of  two  larger  than  our  values. 


Energy  (kev/amul 

Figure  1  :  Cross  sections  for  single  ionisation  of  Li 
by  H4  and  He24  impact  (process  1) 

•  present  data  :  Theory,  O  CTMC  Method?,  P,  Born®,  McG, 
Born^*  EH,  Close  coupling1®,  BK  Classical  impulse^  : 
Equivelocity  electron  impact,  JA* ,  JHB*  . 


Our  measurements  show  that  the  transfer  ionisation 
process  (3)  contributes  up  to  5%  of  o1#  for  H4  impact 
and  up  to  about  25%  of  oJX  for  fte2  +  impact.  The  double 
ionisation  process  (4)  is  the  main  Li24  production 
mechanism;  at  550  keV  amu-1  the  ratio  a(4)/o(3)  is  34.0 
and  7.4  for  H4  and  He24  respectively. 
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CROSS  SECTIONS  FOR  IONIZATION  AND  ELECTRON'  TRANSFER  FOR  5-331  ?~.V"  He'  IONS 


Akio  Itoh,  RLE.  Rudd,  and  T.V.  Icffe 
University  of  Nebraska-LIncolr,,  Lincoln,  Nebraska  o35r?-9111  USA 


Comprehensive  measurements  of  total  cross  sections 
for  ionization  and  electron  transfer  have  been  performed 
over  a  wide  energy  range  cf  ^He“+  ions  for  a  variety  of 
atomic  and  molecular  targets.  Projectile  energies  used 


for  ionization  and  charge  transfer  were  10-300  keV/u  and 
5-150  keV/u,  respectively,  and  the  target  gases  were  He, 
Ne,  Ar,  Xr,  H?,  M?,  0,,  CO,  CO,,  CRN  and  H,9.  Tne  cross 
sections  cr+  and  cf  corresponding  respectively  to  the 
production  of  positive  and  negative  charge  were  measured 
by  the  transverse  field  method  using  a  parallel  plate 
electrode  apparatus . x ’ "  Single  and  double  electron 
capture  cross  sections,  cn,^  and  cf ,g,  were  measured  by 
electrostatic  separation  of  the  charge  components  of  the 
team  after  passing  through  a  Known  length  of  the  target 
ras  at  a  measured  pressure.^  Since  the  total  charre  of 
the  collision  partners  must  be  conserved,  the 

ccrrespcnding  four  cross  sections  have  the  following 
interrelationship  derived  by  neglecting  three-electron 
capture  cress  sections. 

r-  =  —  +  -r  +  C'CT 

+  ’-  “21  23 

The  most  reliable  cross  sections  were  then  deduced  ir.  a 
self-consistent  manner  by  maxing  a  weighted  least-square 
adjustment  of  the  four  measured  cross  sections  to 
satisfy  the  above  relation  at  each  impact  energy. 
Uncertainties  of  the  final  cross  sections  obtained  in 
this  way  were  tyricaliy  about  15  5. 
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IONIZATION  OF  RARE  GAS  ATOMS  IN  1.05  MEV/AMU  FULLY  STRIPPED  ION  IMPACT 
H.  Shibata,  S.H.  Be,  T.  Tonuma,  H.  Kumagai,  M.  Kase,  T.  Karabara,  I,  Kohno  and  H.  Tawara* 

The  Institute  of  Physical  and  Chemical  Research(RIKEN) ,  Hirosawa,  Wako-shi,  Saitaroa  351,  Japan 
*Institute  of  Plasma  Physics,  Nagoya  University,  Nagoya  464,  Japan 

In  order  to  investigate  the  systematic  behavior  of  these  data  to  obtain  the  cross  sections  at  1.05  MeV/amu 

ionization  processes  by  fully  stripped  ions,  we  measure  impact  energy,  assuming  that  the  ionization  cross 

total  apparent  ionization  cross  sections  o+  (=Iio^  section  at  this  energy  region  decreases  inversely  pro- 

where  is  the  cross  section  for  production  of  recoil  portional  to  the  impact  energy.  The  present  data  are 

ions  with  charge  i,  B1+)  using  a  condenser  plate  also  found  to  be  in  good  agreement  with  these  data 

method.  The  yields  of  recoil  ions  produced  in  ion  presently  available. 


impact  are  measured  as  a  function  of  the  target  gas 
-4 

pressure  up  to  about  10  Torr,  ensuring  single 
collision  conditions. 

The  present  experimental  results  for  ionization 

of  He,  Ne  and  Ar  atoms  in  1.05  MeV/amu  He^+,  C^+,  0^ 
10+ 

and  Ne  ion  impact  are  shown  in  Fig.  1,  together 
with  the  experimental  results  by  Rudd  et  al.^  in 
proton  impact.  The  electron  impact  data  with 

equivalent  velocity  (^572  eV)  (Rapp  and  Englander- 
2 

Golden  )  are  also  plotted  at  Z  *  1  projectiles  which 
are  in  good  agreement  with  proton  data.  Data  in  other 

3 

projectile  ion  impact  by  Schlachter  et  al.  ,  Hvelplund 
4  5 

et  al.  and  Knudsen  et  al.  are  also  shown.  Some  of 
these  data  have  been  taken  at  slightly  different 
impact  energies.  Therefore,  a  correction  is  made  for 


To  find  the  dependence  of  the  ionization  cross 
sections  on  the  atomic  number  of  the  fully  stripped 
ions,  a  least-square  fitting  in  the  form  of  o+  =  Oq  Za 
is  made  including  all  these  data.  The  following  results 
are  obtained  at  1.05  MeV/amu  ion  impact: 


In  Fig.  1  are  plotted  with  the  dotted  lines  the  results 
calculated  by  Olson^  using  the  classical  trajectory 
Monte  Carlo  method.  The  agreement  between  the  present 


data  and  this  calculation  is  generally  good  for  He  and 
Ar,  but  the  discrepancy  in  Ne  is  significant. 

FIGURE  1.  Total  apparent  ionization  cross  sections  for 
He,  Ne  and  Ar  atoms  plotted  against  the  nuclear  charge 
7  of  1.05  MeV/amu  fully  stripped  ions,  open  circles: 
present  data,  closed  circles:  Rudd  et  al.  (Ref.  1). 
crosses:  Knudsen  et  al.  (Ref.  5).  closed  triangles: 
Schlachter  et  al.  (Ref.  3).  closed  squares:  Hvelplund 
et  al.  (Ref.  4),  open  triangles  at  Z  =  1:  electron 
data  of  Rapp  and  Englander-Golden  (Ref.  2).  The  dotted 
lines  represent  the  calculation  by  Olson  (Ref.  6)  and 
the  solid  lines  the  least-square  fitting  to  experimental 
data. 
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ELECTRON  EJECTION  IN  He+  -  He  COLLISIONS: 
EXPERIMENT  AND  THEORY* 

R.  D.  DuBois#  and  S.  T.  Mansont 

#  Pacific  Northwest  Laboratory,  Richland,  WA  99352  (USA) 
+ Georgia  State  University,  Atlanta,  GA  30303  (USA) 


Ionization  of  atoms  by  fast  bare  ions  can  be 
fairly  well  represented  theoretically  within  the 
framework  of  the  Born  approximation.  Fast  structured 
ions,  on  the  other  hand,  arrive  at  the  collision 
center  containing  bound  electrons  of  their  own. 

These  electrons  partially  screen  the  incoming  nuclear 
charge.  In  addition  new  electron  ejection  channels 
are  introduced.  Thus  the  theoretical  calculation  is 
far  more  complicated. 

Past  experiments  measured  only  the  total  elec¬ 
tron  emission  as  a  function  of  emission  angle  and 
energy.  Thus  the  individual  components  of  the  theo¬ 
retical  model  needed  to  be  surnned  in  order  to  compare 
with  experiment.! 

Recently  preliminary  measurements  of  the  elec¬ 
tron  emission  measured  in  coincidence  with  an  ionized 
projectile  were  reported. 2, 3  The  system  studied  was 
He+  -  Ar  for  which  no  theoretical  information  was 
available.  Here  we  present  additional  data  for  a 
simpler  system  He+  -  He  and  compare  it  with  theo¬ 
retical  calculations  made  in  the  Born  approximation. 

The  data  are  for  1.6  MeV  He+  impact  and  electron 
emission  at  30°.  In  order  to  reduce  the  experimental 
uncertainties,  the  data  are  presented  as  the  fraction 
of  the  electron  emission  in  coincidence  with  an  ion¬ 
ized  projectile  with  respect  to  the  total  electron 
emission.  These  fractions  were  measured  from 
approximately  10-1000  eV  as  shown  in  Fig.  1.  The 
experimental  uncertainties  for  these  data  are 
dominated  by  statistical  uncertainties  (10-20%  for 
the  coincidence  data  and  <10%  for  the  total  electron 
emission  data). 

The  experimental  data  are  compared  with 
theoretical  calculations  that  assume  four  electron 
ejection  channels:  a)  target  ionization  with  the 
projectile  remaining  in  the  ground  state,  b)  target 
ionization  with  the  projectile  being  excited 
(excitation  includes  ionization),  c)  projectile 
ionization  with  the  target  remaining  in  the  ground 
state  and  d)  projectile  ionization  with  the  target 
being  excited.  Processes  (c+d)  and  ( b+c+d )  should  be 
lower  and  upper  limits,  respectively,  for  the 
measured  fractions. 

As  can  be  seen,  in  the  region  of  the  peak  theory 
slightly  overestimates  experiment.  Here  the 


dominant  contribution  to  the  measured  fractions  are 
processes  (c+d).  At  lower  energies  the  theory 
underestimates  the  measured  fractions  however  the 
importance  of  process  b  is  clear.  For  the  highest 
energies  shown,  theory  is  again  too  small,  although 
here  the  calculations  are  difficult  to  perform. 

Additional  experimental  and  theoretical  details 
will  be  presented.  In  addition,  a  similar 
comparison  will  be  available  for  He+  -  Ar 
collisions. 

*DO£  Contract  DE-AC06-76RL0  1830  and  U.S.  Army 
Research  Office  Contract  QAAG-29-83-K-0054 

1.  S.T.  Manson  and  L.H.  Toburen,  Phys.  Rev.  Lett. 
46,  529  (1981). 

2.  R.D.  DuBois,  Second  Workshop  on  High  Energy 
Ion-Atom  Collision  Processes,  Debrecen,  Hungary 
(1984). 

3.  R.D.  DuBois,  Bull,  of  Am.  Phys.  Soc.  29,  1091 
(1984). 


I  2  3 

log  ELECTRON  ENER6Y  UV) 

FIGURE  1 . 


■*r*r 


tt iv^'3",^1^"1.  r’.'A1". '.■. w^mwv 


'L>\ 


p 


K' 


K" 


I 

■ 

I 


F88 


IMPACT  PARAMETER  DEPENDENT  EMISSION  OF  ELECTRONS  IN  ION-ATOM  COLLISIONS 

G.  Schiwietz,  T.J.M.  Zouros,  U.  Stettner,  N.  Stolterfoht 

Hahn-Meitner-Inst itut  fiir  Kernforschunq  Berlin  GmbH 
Glienickerstr.  100,  D-1000  Berlin  39r  West  Germany 


Tarqet  electron  ionization  was  measured  as  a 
function  of  impact  parameter  in  collisions  of 
100  keV  H+  +  Ar  and  400  keV  Ar++Ar.  The 
electrons  were  detected  in  coincidence  with 
the  scattered  proiect ile.  The  t ime-of-f 1 iqht 
method  was  used  to  determine  the  electron 
spectra. 

Low  intensity  beams  (typically  less  than  10 
nA),  provided  by  an  AN  400  electrostatic  Van- 
de-Graaff  accelerator,  were  used  to  reduce 
random  coincidences.  Care  was  taken  to 
maintain  single  collision  conditions  in  the 
Ar  jet  tarqet  utilized.  The  unscattered  ion 
beam  was  less  than  0.5  mm  in  diameter  and  was 
dumped  in  a  Faraday  cup.  The  scattered 
projectiles  were  detected  in  a  7-rinq 
position  sensitive  channelplate  detector.  The 
channelplate  was  made  up  of  two  plates 
sandwitched  together  to  provide  sufficient 
amplification  of  the  weak  sianal  detected. 
The  fast  timinq  siqnal  produced  from  each 
rinq  (better  than  3  ns)  was  further  taqqed  by 
a  diqital  bit  identifyinq  the  rinq.  The 
particle  detector  was  placed  at  a  distance  of 
35.6  cm  from  the  tarqet  enabling  the 
measurement  of  the  probability  of  electron 
ionization  at  impact  parameters  between  0.13 
and  0.5  a.u.  for  proton  and  0.35  and  0.95  a.u. 
for  Ar  projectiles  respectively.  The  timing 
siqnal  was  connected  to  the  stop  side  of  a 
t ime-to-ampl itude  converter  (TAC).  The  count 
rate  in  each  ring  never  exceeded  200  kHz. 

A  large  solid  angle  (28  msr)  analyzer  equiped 
with  a  channel  Plate  was  u9ed  to  detect  the 
electrons.  A  fast  timina  pulse  was  produced 
and  it  was  used  to  start  a  coincidence  unit 
and  the  TAC.  Thus  the  time  of  fliqht  of  the 
measured  electrons  was  determined. 

Count  rates  were  kept  low  enouqh  to  avoid 
second  order  effects  due  to  random  signals 
which  could  chanqe  the  shape  of  the  true 
coincidence  spectrum.  The  true  coincidences 
were  deduced  by  normalizing  und  subtracting  a 
purely  random  spectrum.  This  was  obtained  by 
supplying  one  channel  of  the  coincidence  unit 
with  random  stop  pulses.  A  microprocessor 
supporting  a  two-dimensional  memory  array  was 
used  to  collect  the  data. 


Fiq .  1  shows  the  time  of  fliqht  spectra  for 
impact  parameters  between  0.35  and  0.95  a.u. 
for  the  system  400  keV  Ar++Ar.  Moliere 
potentials  were  used  to  convert  scattering 
anqle  to  impact  parameter.  All  spectra  were 
normalized  to  the  same  accumulated  charqe  after 
the  random  coincidences  were  subtracted.  The 
prominent  peak  which  increases  with  decreasing 
impact  parameter  is  produced  by  Ar-L-Auger 
electrons.  The  small  peak  to  the  right  of  this 
peak#  visible  at  all  impact  parameters  is  due 
to  ion-photon  coincidences.  This  peak  allows  an 
accurate  time  zero  determination.  The  flat 
structure  at  50  -  80  ns  can  be  associated  with 
the  decay  of  autoionizing  states  involving 
outer  shell  electrons. 


Time  of  Flight  ( ns  I 

Fiq.  1  Time  of  flight  spectra  of  electrons 
from  Ar ++  Ar  collisions  for  specific 
impact  parameters. 

Total  cross  sections  determined  by  integrating 
over  impact  parameter  were  in  good  agreement 
with  known  cross  sections1.  The  impact 
parameter  dependence  of  the  Ar-L-Auger  peak 
is  well  explained  within  the  Kessel  model2  for 
the  promotion  of  the  4  fa  MO . 

lT.  Schneider#  diplom  thesis  (PU  Berlin,  1983) 
unpubl ished. 

JR.K.  Cacak,  Q.C.  Kessel  and  M.E.  Rudd, 

Phya.  Rev.  A 2,  1327  (1970). 
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ELECTRON  EJECTION  IN  ION-ATOM  COLLISIONS:  BETHE-BORN  THEORY  FOR 
STRUCTURED  INCIDENT  IONS 

Steven  T.  Manson*  and  John  H.  Miller* 

*Department  of  Physios  and  Astronomy,  Georgia  State  University,  Atlanta,  Georgia  30303  USA 
^Radiological  Sciences  Department,  Pacific  Northwest  Laboratory,  Richland,  Washington  99352  USA 


Cross  sections  for  excitation  or  ionization  of  an 
atom  or  molecule  by  a  fast,  structureless  charged 
particle,  e.g.,  H*  or  e",  can  generally  be  quite  well 
predicted  by  first  Born  approximation.1  For  an 
inelastic  collision  in  which  a  bare  incident  particle 
of  mass  M,  velocity  v,  and  charge  z  loses  energy  AE, 
the  Born  cross  section  can  be  approximated  very  well  by 
the  Bethe-Born  asymptotic  cross  section1  which  is  an 

p 

expansion  in  AE/T  with  T=mv  /2,  m  being  the  electron 
mass.  This  cross  section,  for  a  process  in  which  the 
target  is  excited  from  state  o  (usually  the  ground 
state)  to  state  n  (which  may  be  an  excited  or  ionized 
state),  is  given  by1 


ln<r> +  bon  +  °<r« 


where  aQ  is  the  Bohr  radius,  R  is  the  Rydberg  energy 
(13.6eV),  fQn  is  the  optical  oscillator  strength  of  the 
target  at  hu=AE,  and  bQ[1  is  a  target  property  which  is 
a  function  of  AE  alone.  Roughly  speaking,  the  first 
term  in  Eq.  (1)  is  due  to  glancing  collisions  while  the 
second  results  from  knock-on  collisions.  Much  use  has 
been  made  of  Eq.  (1)  recently  in  the  modelling  of 
electron  ejection  cross  sections.2,  ^ 

Lately,  interest  has  risen  in  collisions  where  the 
incident  ion  of  nuclear  charge  Z  also  contains  N 
electrons.  In  thi3  case  the  electron  spectrum  is  more 
complicated  owing  to  the  extra  possible  channels: 
electrons  can  be  ejected  from  the  target  with  the 
projectile  remaining  in  the  ground  state  or  with 
simultaneous  projectile  excitation,  as  well  as, 
electron  ejection  from  the  projectile  with  the  target 
either  remaining  in  the  ground  state  or  excited.  A 
Bethe-Born  differential  cross  section  was  derived  for 
each  of  these  channels;  total  cross  sections  were 
treated  previously.1*  For  target  excitation  with  the 
projectile  remaining  in  the  ground  3tate, 


on  .  .AT, 
AE/R  ln(R-> 


O(M):  (2) 


Note  the  (z-N)2  of  the  leading  term  a3  compared  to  z2 
for  bare  incident  particles.  This  shows  that  the 
projectile  is  fully  screened  by  its  electrons  in 
glancing  collisions,  as  we  expect.  The  second  term  is 
far  more  complicated  and  depends  upon  both  target  and 


projectile  internal  properties.  For  target  ionization 
with  simultaneous  projectile  excitation,  the  Bethe-Born 
cross  section  has  no  glancing  term  and  the  form  of  the 
second  term  differs  from  the  "no  excitation"  case. 

Electron  ejection  from  the  projectile  can  be 
treated  in  exactly  the  same  way  in  the  projectile 
frame.  The  projectile,  however,  "sees"  a  neutral 
particle  so  that,  while  Eq.  (2)  applies  for  electron 
ejection  by  the  projectile  with  the  target  remaining  in 
the  ground  state,  the  first  term  vanishes.  Ejection 
with  simultaneous  target  excitation  is  Just  like  the 
target  ionization  case  with  the  role  of  projectile  and 
target  reversed. 

The  detailed  forms  of  each  of  these  terms  will  be 
presented,  along  with  the  next  term  in  the  Bethe-Born 
expansion.  Finally,  a  comparison  of  He*  +  Ar 
experimental  results  and  a  semi-empirical  model  based 
on  the  Bethe-Born  asymptotic  cross  section  will  be 
presented. 

"work  supported  by  the  U.  S.  Department  of  Energy 
Contract  No.  DE-AC06-76RL0-1830  and  the  U.  S.  Army 
Research  Office  Contract  No.  DAAG-29-83-K-0054. 
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CALCULATIONS  OF  ELECTRON  ENERCY  DISTRITUTION  EJECTED  IN  ICN-ATOM  COLLISIONS  BY  PSEUDOSTATE  METHOD 
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In  ion-atom  collisions  the  pseudostate  method  ha.« 
achieved  great  success  for  calculations  of  K-shell 


ionization  cross  sections. 


However,  applications 


of  this  method  are  limited  to  the  calculations  for  total 
ionization  cross  sections.  In  the  present  work,  we  have 
calculated  the  energy  distributions  of  ejected  electrons 
in  ion-atom  collisions  by  the  use  of  pseudostates. 

Using  the  Slater-type  orbital  (STO)  as  a  basis 
function,  we  expand  the  atomic  wave  functions  in  terms 
of  STO's  and  diagonalize  the  atomic  Hamiltonian  with 
this  base  set.  The  electron  transition  probabilities  to 
continuum  states  are  given  by  those  to  discrete  states 
with  positive  energy  eigenvalues;  i.e.  the  pseudostates. 
The  calculations  of  the  transition  probabilities  are  made 
within  the  framework  of  the  semiclassical  approximation 
(SCA),  assuming  the  straight-line  trajectory. 

4 

Following  the  method  widely  used  in  photoionization, 
the  energy  spectrum  of  ejected  electrons  at  energy  Et 
a(Ej,  is  obtained  from 

Jj  I***,  /(gi)  +  /(W 
(  ^  1  -  V  •  W 

where  f(B^)  is  the  transition  probability  of  the  electron 
to  the  pseudostate  with  energy 

We  have  tested  the  present  method  for  protons  on 
hydrogen.  The  impact-parameter-dependent  energy  spectra 
for  25-,  100- ,  and  400-keV  protons  were  calculated  and 

transitions  with  l  =  0,  1,  and  2  were  considered.  As 

3 

has  been  pointed  out  already,  the  precise  form  of  the 
STO  is  not  important  and  the  results  obtained  with  the 
different  choice  of  the  base  sets  lie  on  a  smooth  line. 

Comparison  of  the  present  results  with  the  SCA 
values  with  exact  continuum  wave  functions  shows  that 
in  low-energy  region  of  the  ejected  electron  spectra 
both  values  are  in  good  agreement  with  each  other,  but 
at  energies  higher  than  about  40  eV  the  pseudostate 
method  gives  larger  values  than  the  SCA.  This  discre¬ 
pancy  at  high  energies  comes  from  the  fact  that  the 
continuum  wave  function  in  this  energy  region  oscillates 
too  rapidly  to  be  represented  as  superposition  of  a  few 
STO*  s. 

In  Fig.  1,  we  show  the  energy  distribution  of 
electrons  integrated  over  all  impact  parameters  for 
30-keV  protons  on  He.  The  calculations  were  made  in 
the  manner  similar  to  the  previous  case  for  hydrogen, 
except  that  we  used  the  Hartree-Fock-Slater  potential^ 


in  atomic  Hamiltonian.  The  experimental  values  and  the 
Born  Hartree-Fock  calculations  of  Rudd  and  Madison  are 
also  plotted  in  the  figure.  For  low-energy  electrons 
the  present  results  agree  with  their  experimental  and 
theoretical  values,  but  at  high  energies  the  pseudostate 
method  overpredicts  the  experimental  and  the  Born 
Hartree-Fock  energy  distributions. 

In  conclusion,  we  have  shown  that  the  pseudostate 
method  can  well  represent  the  electron  spectrum  in 
low-energy  region,  but  overpredicts  at  high  energies. 

For  practical  applications,  the  pseudostate  approach  is 
quite  adequate  since  the  ionization  cross  sections  are 
dominated  in  low-energy  electron  region. 
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Fig.  1,  Energy  distribution  of  electrons  ejected 
from  helium  atom  by  30-keV  protons.  The  solid  curve 
represents  the  present  results  and  the  dashed  curve 
indicates  the  Born  Hartree-Fock  calculations  (Ref.  6). 
The  circles  are  the  experimental  data  taken  from  Ref.  6. 


,N 

'  v *  < m  •  *■  •  - 


•  -j  .  v 


C- 


Ey  i 

‘V  •/. 

•vv.% 

W.V'.-'V* 


RW  * 


'  *  -  -  »  *  .  • 

-v 


.V  /  V  .•  J'  •  »  •  -  *  •  • 


■»V.V-V 


•‘..  •/‘V*  ,  V-V 


F91 


m 


MOLECULAR -STATE  CLOSE-COUPL I NG  THEORY  INCLUDING  CONTINUUM  STATES: 

III.  DETAILED  CONTINUUM  SCATTERING  AMPLITUDES 

W.  R.  Thorson  and  G.  Bandarage 

Department  of  Chemistry,  University  of  Alberta,  Edmonton,  Alberta  CANADA  T6G-2G2 


Recently  *  we  have  developed  a  theory  of  close¬ 
coupling  in  low/intermediate  energy  ion/atom  collisions, 
based  on  molecular-state  expansions  and  including  elec¬ 
tronic  continuum  channels.  The  continuum  is  represented 
by  a  discrete  set  of  packet  states  which  span  it  locally 
(in  the  interaction  region),  and  are  constructed  from 
exact  adiabatic  continuum  states.  An  essential  feature 
of  any  such  formu I  at i on  i s  that  effects  of  escape  of  the 
unbound  elect  rons  from  the  subspace  spanned  by  the  bas 1 s 
must  be  ? nc 1 uded  i n  the  equat ions  for  the  c lose-coupl ed 
propagator .  Using  an  approach  similar  to  that  used  by 
Reading  and  Ford^  in  a  slightly  different  context,  we 
have  derived  close-coupled  integral  equations  for  a  prop¬ 
agator  exhibiting  these  effects.  This  propagator  is  non¬ 
unitary,  i.e.  does  not  conserve  probability:  this  is  phy¬ 
sically  correct,  since  unbound  electrons  are  continually 
escaping  from  the  interaction  region  over  times  short 
compared  to  the  duration  of  the  collision.  Previous 
formulations  which  claim  to  include  the  continuum  (either 
by  simple  projection  on  packet  states  or  by  approximate 
numerical  quadratures  over  continuum  energies)  give  no 

account  of  these  escape  effects. ^*5 

In  formulation  of  these  integral  equations  it  is 
also  necessary  to  construct  an  accurate  subspace  repre¬ 
sentation  of  the  nonad  ir-bcit  ic  couplings  which  cau^e  tran¬ 
sitions  in  a  molecular  state  description.  We  have  exhib¬ 
ited  these  matrix  elements  for  couplings  between  continu¬ 
um  states.  They  are  singular  when  the  energies  of  the 
states  coupled  are  degenerate.  These  singularities  occur 
because  an  adiabatic  description  cannot  possibly  be  ap¬ 
propriate  for  the  full  continuum:  a  distant  unbound  elec¬ 
tron  cannot  really  "follow'*  the  nuclear  motion  adiabatic- 
ally.  However,  we  have  proved  that  the  effect  of  these 
singularities  within  the  packet  state  basis  is  finite, 
and  therefore  an  adiabatic  close-coupling  formalism  is 
valid  for  describing  continuum  states  in  the  interaction 

region - always  provided  that  the  effects  of  escape  from 

this  region  are  correctly  included. 

In  the  work  reported  here,  we  have  formulated  the 
theory  of  asymptotic  continuum  scattering  amplitudes  re¬ 
sulting  from  escape  of  unbound  electrons  from  the  close- 
coupled  system  described  above.  A  state  vector  generated 
by  the  close-coupling  propagator  describes  only  the  ampli¬ 
tudes  of  states  localized  in  the  interaction  region.  As 
is  physically  correct,  such  a  state  vector  does  not  satis¬ 
fy  the  time-dependent  Schrodinger  equation:  the  residual 


term  arises  from  the  t ime-der ? va t i ves  of  the  decaying 
continuum  packet  state  amplitudes,  i.e.  the  loss-rate  due 
to  escape.  This  term  serves  as  an  inhomogeneous  source 
term  for  a  separate  propagator  describing  the  time  evo¬ 
lution  of  unbound  electrons  escaping  from  the  system, 
that  is,  propagation  outside  the  subspace  described  by 
the  close-coupling  propagator.  This  new  propagator  is 
not  adiabatic  in  character,  but  "sudden":  It  generates 
scattering  amplitudes  at  a  detector,  at  a  time  t — >*oo  , 
arising  from  sources  at  times  t1  during  the  collision, 
in  terms  of  expansions  in  ad i a bat ic  con t  ? nuum  e igen- 
states  for  the  system  conf igurat ion  at  the  source  time, 
t*.  The  complete  continuum  scattering  amplitude  (for 
given  electron  orbital  angular  momentum  (L.M)  and  energy 
c,  but  integrated  over  angles)  is  then  given  by  a  coher¬ 
ent  superposition  of  contributions  arising  at  all  times 
t*  throughout  the  collision0. 

In  the  present  work  we  have  used  collisional  ioniz¬ 
ation  in  the  two-center  one-electron  systems  (e.g..  H+- 
H(ls)  impact  ionization)  as  a  prototype  model  for  the 
theory.  However,  with  certain  restrictions  the  theory 

i..ay  ue  extended  to  treat  collisional  detachment  of 
negative  ions:  the  essential  requirement  is  that  the  de¬ 
taching  state  (or  any  other  quas i -d i sc  re te  levels  em¬ 
bedded  in  the  continuum)  should  be  related  d i abat ica 1  I y 
to  the  continuum,  and  that  couplings  linking  it  to  the 
continuum  be  potential  couplings  of  finite  range. 
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Al  TOION  I/ATION  RESONANCE  PROFILES  IN  ELECTRON  EMISSION  SPECTRA  OF  HELIUM  PRODUCED 

BY  FAST  IONS 


A.  L.  Ooclunov,  V.S.  Sfri,ls.henko 
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Tin*  nrobloiii  til  the*  edecfrori  emission  spe*ctr\i 
in  tin*  rt'Uion  of  uutoinni  zation  re‘=-onanc»*s  attracts 
much  attention  in  the  ion-ut<>m  collision  physics  be¬ 
cause  the  observed  electron  spectra  contain  rich 
information  concernina  the  collision  dynamics  and 
tlie  structure  of  colliding  atomic  systems.  The  theo¬ 
ry  of  resonance  ionization  ot  atoms  by  heavy  char¬ 
ged  particles,  Likina  into  account  final-slate  inte- 
1,2,3 

factions  *  has  proved  to  bo  successful  in  ex— 
plat nina  most  of  the  experimental  data  on  ionization 
ol  helium  by  protons. 

The  present  work  continues  the  theoretical 
study  ot  the*  principal  regularities  in  the  behaviour 
ol  (he  uutoioni /ation  resonance  parameters  of  helium 
ionized  by  the  nuclei  with  /.  >  1  and  by  the  H- 

anri  He-like  ions  of  various  ionization  decree.  The 
effect  of  the  projectile  chard*'  and  of  the  bound 
electrons  on  the  target  electron  spectrum  has  been 
examined*  At  small  ejection  angles  and  a  low  rela¬ 
tive  velocity  of  a  scattered  heavy  particle  with  res¬ 
pect  to  an  ejected  electron  the  behaviour  of  the  re¬ 
sonance  parameters  is  determined  mainly,  by  the 
final-state  interactions  in  both  proton-atom  and  ion- 
-atom  collisions.  At  large  ejection  angles  the  reso¬ 
nance  profiles  are  nearly  symmetric  and  can  be  pro¬ 
perly  described  by  allowing  for  two-step  transitions 
in  the  amplitude  of  autoionization  state  excitation. 

As  the  projectile  charge  increases  the  resonance* 
intensity  rise*-  with  respect  to  the  background  for¬ 
med  by  direct  transitions  to  continuum.  Under  the 
ionization  of  helium  by  the*  H-  and  He-tiko  ions,the 
screening  ol  the  projectile  nuclear  charge  has  sig¬ 
nificant  influence  on  the  uutoioni zation  line  profiles. 
At  -mall  ejection  angles,  tor  example  the  intensity 
of  re>on«.nir»*s  increase-  with  the*  projectile'  ioniza¬ 
tion  degree *,  w here* a.->  with  increasing  the*  ejection 
angle  the*  pattern  re*ve*rse».-,  namely,  the*  resonances 
relate*d  to  ions  of  lower  ionization  degree  show  a 
higher  intensity. 

Figure*  1  illustrate*.-  the*  results  of  calculating 
the*  electron  emission  spectra  of  helium  produced  by 

2200  keV  lithium  ions  of  various  ionization  degree. 
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Experimental  data  of  *  are*  also  presented  in  the? 
figure*  .The*  calculations  seem  to  be  in  agreement 
with  the*  observed  be?haviour  of  the  electronic  spect¬ 
rum  in  the  region  of  the*  lowe.*st  uutoioni  zation  slate 
of  he*liimi  excited  by  the  ionization  collisions  with 
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He**  EXCITATION  BY  U+  IMPACT:  A  COINCIDENCE  INVESTIGATION 
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U±- 


We  have  investigated  the  excitation  of  He** 
autoionizing  states  in  Li+  +  He  collisions  at  collision 
energies  between  1.4  and  3  keV  by  analyzing  the  ejected 
electrons  in  coincidence  with  the  scattered  Li+ 
projectiles.  For  one  thing  this  allows  to  clarify  the 
reason  for  the  large  width^  of  the  earlier  measured 
non-coincident  electron  spectra,  which  in  the  past  were 
ascribed  to  quasimolecular  effects  ».  Secondly  this 
allows  a  detailed  description  of  the  excited  He  atom 
directly  after  the  excitation  In  terms  of  complex 
population  amplitudes  for  the  various  excited  states. 
This  yields  information  about  the  excitation  mechanisms 
and  the  time-development  of  the  excited  electron  cloud. 

In  fig.  1  one  can  see  that  the  coincident  electron 
energy  spectra  are  much  narrower  than  the  non¬ 
coincident  ones.  They  can  quantitatively  be  explained 
without  invoking  quasimolecular  effects  as  e.g.  energy 
variations  of  the  excited  states  as  a  function  of 
internuclear  distance  or  Doppler  shifts  of  the  emitted 
electrons  energy  corresponding  to  velocities  of  the 
quasimolecular  system.  Only  the  He**  recoil  velocity 
and  post  collision  interaction  (PCI)  in  the  field  of 
the  receding  Li+  ion  have  to  be  taken  into  account 
properly. 


FIGURE  1  Energy  spectra  of  electrons  from  2  keV 
Li+  +  He  collisions  measured  at  electron  emission 
angles^  *  120*.  Non-coincident  spectrum  (a)  and 
spectra,  measured  in  coincidence  with  Li+-ions  scat¬ 
tered  through  0p  -  10*  and  azimuth  angles  of  $  *  0*  (b) 
and  <J>  -  180*  (c). 


FIGURE  2  Charge  density  of  the  excited  electron  cloud 
in  three  different  planes  at  different  times  after  the 
collisions  (z  in  the  beam  direction,  y  perpendicular  to 
the  scattering  plane).  The  period  T  of  the  oscillations 
is  ~  800  a.u. 

As  opposed  to  He+  +  He  collisions,  where  mainly 
He**(2p2)iD  is  excited,  Li+  impact  causes  a 
considerable  excitation  also  of  He**(2s2p)^P  and 
(2s2)*S.  The  coherence  between  states  of  different 
parity  causes  asymmetries  in  the  angular  electron 
distributions.  Analysis  of  the  observed  asymmetries 
allows  in  turn  to  determine  the  phases  between 
autoionization  amplitudes.  After  taking  into  account 
the  relative  phases  of  autoionization  matrix  elements  - 
essentially  the  Coulomb  phases  of  the  emitted  electron 
wave  functions  -  this  yields  in  turn  the  phases  between 
the  initial  population  amplitudes  for  the  contributing 
states.  With  this  knowledge  one  can  reconstruct  the 
charge  density  of  the  excited  electron  cloud 
immediately  after  the  collision  and  its  time 
dependence.  An  example  is  shown  in  fig.  2.  One  can  see 
that  the  electron  cloud  is  initially  "attracted"  by  the 
Li+  projectile.  The  connection  between  this  macroscopic 
collective  picture  with  the  most  important  radial  and 
rotational  couplings  will  be  discussed  in  terms  of  the 
Li+-He  correlation  diagram. 
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AN  EXPERIMENTAL  INVESTIGATION  OF  THE  METASTABLE  STATES  OF  BERYLLIUM  ANIONS 


T.  J.  Kvale,*  G.  D.  Alton,*  R.  N.  Compton,*  D.  J.  Pegg,*+  and  J.  S.  Thompsont 
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We  report  the  first  experimental  measurements  of  the 
energy  levels  of  the  metastably  bound  states  of  Be-.  State 
and  eigenenergy  identifications  were  made  by  measuring  the 
difference  in  energy  between  the  collisionally  induced  and 
autodetaching  peaks  which  appear  in  the  ejected  spectra  from 
decaying  Be  ion  beams.  More  detailed  results  of  this 
investigation  are  to  be  published. 

The  Negative  Ion  Source  Test  Facility  (NISTF),  located 
at  Oak  Ridge  National  Laboratory,  was  modified  in  order  to 
perform  the  Be  state  energy  measurements.  Be+  ions  were 
accelerated  to  50-  to  60-keV  and  were  focused  through  a 
recirculating  Li  charge-exchange  cell  situated  immediately 
prior  to  the  experimental  chamber.  This  arrangement  permits 
the  generation  and  study  of  relatively  short  lived  (t  >  1 0 —  7 ) 
negative  ion  states.  Detached  electrons  accompanying  the 
Be-  ion  beam  were  energy  analyzed  with  a  spherical  sector 
energy  analyzer  operated  in  the  fixed  pass  energy  mode.  (For 
details  of  the  electron  spectroscopy,  see  Ref.  1.) 

A  typical  electron  energy  spectrum  is  shown  in  Fig.  1. 
This  spectrum  was  obtained  with  —2  mTorr  in  a  gas  cell 
preceding  the  electron  energy  analyzer  in  order  to  enhance  the 
collisional  detachment  cusp  electron  signal.  The  peak 
corresponding  to  the  autodetached  electrons  from  Be- 
occurred  at  a  center-of-mass  energy  of  2.53  eV.  The  latest 
theoretical  calculations  predict  the  Be-  { 1  sz2s2p2)  4P  state 
energy  to  be  2.56  eV  above  the  ground  state  of  Be.  This 
value  was  derived  from  separate  calculations  of  the  total 
energies  of  the  Be-  (4P)  state2  and  the  Be  (ls22s2)  'S  state.3 
Due  to  the  close  proximity  in  energy,  it  is  reasonable  to 
conclude  that  we  have  determined  the  energy  of  Be~ 
(Is22s2p2)  *P y  Lifetime  measurements  for  the  various  J 
levels  of  this  ion  are  in  progress  and  will  further  serve  to 
identify  the  state  of  this  anion.  If  the  theoretically  predicted 
Be'  (ls22p3)  4S°  state  does  exist  the  allowed  radiative  decay 
channel  to  the  Be'  (4P)  state  would  most  likely  prohibit  us 
from  observing  an  autodetachment  peak  in  the  electron  energy 
spectrum. 


Fig.  I .  A  typical  energy  spectrum  of  electrons  ejected 
from  a  60  keV  Be"  beam. 
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CROSS  SECTIONS  FOR  ELECTRON  AUTOIONIZATION  IN  LOW  ENERGY  Li+  -  Ne  COLLISIONS 
Y.Ikezaki,  M.Katano,  H.Ono,  T.Takayanagi,  K.Wakiya  and  H. Suzuki 
Department  of  Physics,  Sophia  University,  Kioicho  7-1,  Chiyoda-ku,  Tokyo  102  JAPAN 


In  the  low  energy  Ion-Atom  collision,  the  excita¬ 
tion  mechanism  described  by  quasimolecular  effect  is 
generally  predominant.  Doubly-excited  autoionizing  states 
in  Ne  are  selectively  excited  by  low  energy  Li+ion  im¬ 
pact,  In  present  work,  the  energy  and  angular  distribu¬ 
tion  of  the  ejected  electrons  are  measured  and  cross 
section  for  the  autoionization  is  determined  by  simul¬ 
taneous-collision  technique*^. 

Ejected-electron  spectra  are  measured  in  the  impact 
energy  range  below  8  Kev  and  at  observation  angle  from  10 
deg.  to  135  deg.  with  respect  to  the  incident  ion  beam. 
Fig.(l)  shows  electron  spectra  at  the  observation  angle 
30  deg.  for  the  impact  energy  4  Kev.  Assignments  of  auto- 
ionizing  states  in  Ne  are  those  of  Andersen  and  Olsen  7 . 
Cross  sections  for  excitation  of  peak  a,  d,  e,  and  f  are 
determined  by  the  following  method.  Electron  spectrum  is 
obtained  by  the  simultaneous-collision  technique,  with  20 
eV  electrons.  The  spectrum  gives  a  superposition  of  sin 
elastic-scattering  peak  caused  by  e-Ne  collisions  and 
autoionization  peaks  caused  by  Li+-Ne  collisions.  We 
denote  the  Li+-Ne  and  electron-Ne  cases  by  subscripts  i 
and  e,  and  we  obtain  a  expression  for  cross  section 


,  i  is 

'"Hr  uHM 


Where  is  the  elastic  differential  cross  section  for  e- 
Ne  scattering3 ^ ,  S  the  area  of  the  peak,  I  the  current, 


and  f<9)  represents  the  angular  dependence  of  collision 
volume  and  we  determined  it  from  Kr  MNN  Auger  spectrum4^. 


Tentative  results  are  shown  in  Fig. (2)  and  Fig. (3). 


Fig. (2)  shows  cross  sections  for  excitation  of  lines  a,e. 


and  f.  In  Fig. (3)  present  results  are  compared  with  the 

C  ) 

data  of  P.Bisgaard  et  al.  . 


Fig(l)  A  typical  ejected-electron  spectrum  at  the  obser¬ 
vation  angle  30  deg.  for  the  impact  energy  4  KeV. 

Fig(2)  Excitation  cross  section  vs  impact  energies  of  Li+ 
ion. 

Fig(3)  Sum  of  integrated  cross  sections  for  2s22p4nln' 1 ' 
states  as  a  function  of  internuclear  velocity.  0“ 
P.Bisgaard  et  al.,  #  -  present. 
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SPECIAL  FEATURES  OCCURRING  IN  DOUBLE  DIFFERENTIAL  CROSS  SECTIONS 
FOR  TRANSFER  IONIZATION  COLLISIONS 

A.  Niehaus  and  A.C.  Kuiper 

Fyalsch  Laboratoriura,  Ri jksuniversiteit  Utrecht,  Pr incetonplein  5, 
3584  CC  Utrecht,  The  Netherlands. 


We  consider  the  transfer  ionization  (TI)  system 

He++  +  Xe  -*•  He+(ls)  +  Xe'H'(5s25p4)  +  e"(E),  (1) 

which  has  been  studied  earlier1.  In  fig.  1  the  relation 
between  the  energy  of  ejected  electrons  and  the  inelas¬ 
tic  energy  gain  Q  is  shown  in  a  potential  curve  model. 
It  is  seen  that,  in  a  (TI)-coll ision,  a  certain  value 
of  Q  can  be  realized  by  transitions  leading  to  differ¬ 
ent  final  Xe^-states ,  and  to  the  corresponding  dif¬ 
ferent  electron  energies.  The  double  differential  cross 
section  £(0,Q)  therefore  is  an  incoherent  sura  of 
partial  cross  sections  o(0,Q).  For  cases  such  as  the 
He^/Xe-systera,  where  the  potential  curves  belonging  to 
the  different  ion-states  run  approximately  parallel, 
the  dependence  on  Q  will  be  approximately  the  sarae  for 
all  partial  cross  sections,  so  that  the  "shape"  of 
£(9,Q)  will  closely  resemble  the  "shape"  of  the  a(0,Q). 
In  fig.  2  we  show  a  series  of  normalized  £(0,Q)  for  a 
collision  energy  of  Eq  =  50  eV.  The  spectra  are 
measured  by  a  parallel-plate  electrostatic  analyser 
with  position  sensitive  detection  allowing  simultaneous 
measurement  at  different  energies.  As  evident  from  fig. 
1,  each  partial  cross  section  contains  contributions 
from  four  types  of  transitions:  at  the  two  crossings  I 
and  2,  and  at  each  of  the  crossings  "on  the  way  in"  or 
"on  the  way  out".  To  these  four  types  of  transitions 
there  correspond  four  branches  of  the  classical  deflec¬ 
tion  function  (Q,b).  In  fig.  3  we  show  (Q  *  8  eV,b) 
for  Eq  ■  50  eV,  calculated  numerically  from  adapted 
potentials  and  V^.  The  dominant  feature  of  the 
spectra  at  low  angles  is  the  stationary  peak  at  the 
high-Q  edge.  It  is  caused  by  coalescence  of  the  cross¬ 
ings  1  and  2,  and  can  be  described  by  an  Airy-func- 
tlon1.  The  dominant  feature  at  larger  angles  is  a  broad 
peak  at  the  low  Q-edge  which  shifts  with  observation 
angle.  It  is  caused  by  transitions  close  to  the  turning 
point,  where  the  "in"-  and  "out"-araplitudes  become 
identical.  Also  this  feature  can  be  approximately  des- 

cribed  by  an  Airy^funct ion  in  both  energy  scale  ,  and 

c 

angle  variable.  The  corresponding  rainbow  angle  \T  is 
indicated  in  fig.  3.  Further  details  of  the  observed 
spectra  will  be  discussed,  and  approximate  relations  to 
the  model  quantities  will  be  given. 
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The  shaded  peaks  belong  to  charge  transfer. 


FURTHER  DEVELOPMENT  OF  THE  DYNAMICAL  COMPLEX  POTENTIAL  THEORY  OF  ELECTRON  DETACHMENT 
M.  L.  Du,  S.  E.  Hayvood  and  J.  B.  Delos 
Physics  Department,  College  of  William  and  Mary,  Williamsburg ,  Virginia  23105 


In  earlier  work  we  have  developed  a  theory  of 
electron  detachment  in  collisions  of  negative  ions  with 
atoms 

A  +B">A+B+e 

This  theory  is  now  being  extended  in  the  following  ways. 
(1)  The  energy  spectrum  of  detached  electrons  is  being 
calculated.  (2)  Calculations  of  total  cross  sections 
for  electron  detachment  are  being  extended  over  a  large 
energy  range.  (3)  A  theory  of  associative  detachment 


is  being  developed. 

The  theory  is  based  upon  a  semiclass ical  close¬ 
coupling  model  in  a  "diabatic”  representation.  Let 
$^(r;t}  represent  a  state  ir.  which  the  active  electron 
is  bound  to  (AB)  and  let  {$  (r;t)}  be  a  set  of  states 
in  which  it  is  free,  with  asymptotic  kinetic  energy  e. 
Expansion  of  the  full  wave  function  in  such  a  basis, 

00 

Y(r,t)  =  cb(t )$b(r;t )  +  /  C£(t  )$£(r;t  }p(e }de 

leads  to  a  set  of  coupled  differential  equations  for 
the  coefficients.  Defining 

£  (t )  =  ih  |  n[cfe(t)  ] 

the  quantity  £  (t)  plays  the  role  of  a  dynamical  com¬ 
plex  potential.  It  obeys  an  integral  equation  which  is 
easy  to  solve  by  iteration,  and  a  typical  result  is 
shown  in  Fig.  1. 

Presently  we  have  calculations  of  electron-energy- 
spectra  for  model  systems.  For  a  case  in  which  the 
energy  gap  between  the  bound  and  free  states  A(t)  varies 

2 

quadrat ically  with  time,  A(t)  =  EQ-Bt  ,  then  a  repre¬ 
sentative  electron-energy-spectrum  is  shown  in  Fig.  2. 
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FIO.l .  (a)  Comparison  of  static  and  dynamical  complex  po¬ 
tentials.  Here  we  show  the  real  part  for  i>0.  Dotted-dashed 
line  is  the  energy  gsp  between  the  discrete  state  and  the  continu¬ 
um,  A(t)X  10“ z.  Dashed  line  is  Re</(A(f)l=ReFi(fJ,  part  of 
the  static  or  local  complex  potential.  Solid  line  is 
Re[rU)-A(r)l  =  Re<F,(r))f  the  corresponding  part  of  the 
dynamical  complex  potential,  (b)  As  in  (a),  but  here  is  the  ima¬ 
ginary  part. 
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COLLISIOHAL  ELECTRON  DETACHMEn  OF  ALKALI  AN!o::.' 

D.  Scott,  M.  S.  Huq,  R.  L.  Champion,  and  L.  b.  Dover or ike 
Department  of  Physics,  College  of  William  and  Mary,  Williamsburg,  Virginia  2dl USA 


Absolute  total  cross  sections  for  electron  detach¬ 
ment  have  been  measured  for  collisions  of  Na~  and  K~ 
with  rare  gases  at  relative  collision  energies  ranging 
from  a  few  eV  to  about  200  eV.  These  alkali  anions, 
which  are  characterized  by  angularly-correlated  s- 
electrons,  are  observed  to  be  extremely  stable  with 
respect  to  collisional  electron  detachment.  Figure  1 
gives  the  total  electron  detachment  cross  sections, 
c  (E),  for  collisions  of  K  with  Ar  and  Ne,  as  a  func¬ 
tion  of  relative  collision  energy.  The  remarkable  fea¬ 
ture  of  these  measurements  is  that  K~,  with  its  small 
electron  affinity  (EA),  is  extremely  stable  against 
collisional  detachment  for  relative  collision  energies 
up  to  about  eighty  times  the  EA  of  potassium.  At  ;>5  eV, 
Ce(E)  for  K  -Ar  is  a  factor  of  approximately  100  times 
smaller  than  that  for  H  -Ar.  similar  results  have  been 
observed  for  collisions  of  Na~-!Je  and  K  -Kr,  Xe  systems. 
These  small  cross  sections  are  presumably  due  to  an 
ability  of  the  M  -X  (where  M  I  Na  ,  K  ;  X  =  Ne,  Ar,  Kr, 
Xe)  electronic  wave  function  to  adjust  adiabatically 
during  the  collision,  causing  the  electronic  energy  of 
M~— X  to  remain  below  that  of  M-X  down  to  relatively 
small  internuclear  separations. 

The  above  features  can  be  described  by  a  curve 
crossing  model.  Figure  2  shows  a  schematic  diagram  of 
the  potential  energies  of  various  states  of  the  reac¬ 
tants  and  products  which  are  relevant  to  the  K  -Ar  col¬ 
lision.  If  the  incoming  K~-Ar  state  remains  approxi- 

2  + 

mately  parallel  to  and  slightly  below  the  X  l  continuum 
of  K  +  Ar  +  e,  then  the  detachment  probability  will  re¬ 
main  small,  until  the  crossing  A  is  reached. 


Within  this  curve-crossing  formalism,  a  simple  mo¬ 
del  is  used  to  describe  the  observed  c  (E).  In  this 

e 

model,  it  is  assumed  ti.at  the  probability  for  detachment 

is  zero  for  impact  parameters  b>b  and  is  unity  for 

b<bx,  where  L  is  the  impact  parameter  for  which  the 

classical  turning  point  of  the  nuclear  motion  is  F.  . 

x 

The  total  cross  test ion  for  electron  jetacljnent  is  then 


a  ( L )  =  ttR  ~  (1-V  /E)  for  E  V 

Q  X  X  x 

where  V  is  the  threshold  energy  for  detachment  as  indi¬ 
cated  in  rig.  2.  A  two-parameter  fit  was  made  to  c  (r.), 

and  the  best  fit  (wit:.  V  =  1*5.0  eV  and  h  =2.5  a  )  is 
x  x  t  ■ 

shown  as  a  solid  line  in  Fig.  1.  The  success  of  tr.is 
Simple  model  suggests  that  tne  detacvjment  yrobability  at 
the  crossing  is  large  and  may  ay r roach  unity. 

Measurements  of  c  (:./  for  Na”-hc,  Ar,  Kr,  Xe  an.: 

K  -He,  He  exnibit  no  distinct  onsets  for  detaernent  anu 
remain  small  (<0.5  A")  throughout  trie  energy  range  stu¬ 
died,  indicating  tne  absence  of  a  curve  crossing  in  tnis 
energy  range,  striking  similarities  are  observe:  be¬ 
tween  tne  energy  :e;  •  **  uerr,e  v“  7  t i. )  for  all  tne  s  vs  ter.:- 

e 

reported  nere  arul  that  of  tne  cr ,»s:;  sections  for  pro¬ 
jectile  excitation  whivn  result  -’rom!  corresponding  neu¬ 
tral  alkali-rare  gas  collisions. 

Total  cross  sections  for  electron  uvtuclin.ent  an; 


heavy  ion  prouucti..  r.  for  collisions  of 


various  moles  ..la r  t 
also  be  p-resente  1. 
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THEORY  OF  ELECTRON  DETACHMENT  IN  SLOW  NEGATIVE  IONS  IMPACT  ON  ATOMS, 
APPLICATION  TO  H~  +  He  -*■  H  +  He  +  e 

Fumihiro  Koike 

School  of  Medicine,  Kitasato  University,  Sagamihara,  Kanagawa  228,  Japan 


Vi1 

*  -  -  • 


A  new  method  was  proposed  ’  for  solving  the  time- 
dependent  semiclassical  Schroedinger-equations  including  i 

the  couplings  between  a  discrete  state  and  continuum  e 

states.  In  the  present  paper,  this  formalism  is  applied  f 

to  the  following  process:  i 

H"  +  He  -*■  H  +  He  +  e.  (1)  c 

3 

The  result  of  Cl  calculation  by  Olson  and  Liu  has  c 

been  adopted  for  the  internuclear  electrostatic  potential 

energies  U . (R)  for  H  +He  and  U  (R)  for  H+He,  where  R  is  c 

l  n 

the  internuclear  distance.  For  the  coupling  matrix 
element  at  R  between  the  discrete  H  +He  state  and  the 
continuum  H+He+e  state  with  a  free-electronic  kinetic 
energy  c,  V(ri,R),  the  following  has  been  adopted: 

V(*.,R)  =  (M  +  iv  M  Jexpf  J  )  t^^exp  (- ),  (2) 

p  K  a  K  t. 

c  c 

wnere  the  first  term  including  M  represents  the  electrostatic 

P  [ 

(potential)  coupling  and  the  second  represents  the  radial 
coupling,  and  vR  is  the  internuclear  radial  velocity. 

The  quantities  Mp,  M^,  Rc,  and  cc  are  the  parameters, 
which  have  been  determined  empirically. 

Due  to  the  coupling  with  the  continuum,  the  ionic  * 

state  shifts  in  energy  from  the  original  position  U .  and 
obtain  a  "resonance  energy"  that  may  be  a  complex 
number.  The  pole  of  the  ionic-space  Green's  function 
gives  U  ,  i.e.,  it  satisfies 


Figure  1  shows  the  result  for  the  case  that  the 

impact  parameter  is  1 . 75au  and  the  center-of-mass  collision 

energy  is  2  au.  We  find  from  this  figure  that  the  radius 

from  which  starts  to  have  an  imaginary  part,  which  is 

illustrated  by  vertical  bars,  is  not  the  radius  of  the 

crossing  between  U.  and  U  but  that  between  the  real  part 
l  n 

of  U  and  U  . 
r  n 

The  detachment  probability  evaluated  in  the  lowest 


order,  P' 


is  given  by 


=  1  -  exp [ 2^ imaginary  part  of  U^/dtJ,  (4) 

where  t  is  the  time,  and  the  detachment  probability 
including  the  first  order  correction,  P^\  is  given  by 

Pj1*  -  /"de|£oVTexp[-i/_t(ij  (t+Un-Ur)dt'  ] dc  | 2 .  (5) 

%  Figure  2  shows  the  neutralization  cross  sections 

DCSO  and  DCS1,  which  are  obtained  by  multiplying  the 
elastic  scattering  cross  sections  to  P^^  and  P^\ 
respectively.  The  sharp  rise  in  DCS1  at  the  forward 
angles  is  consistent  with  the  experimental  result 
4 

by  Hege  et  al. 
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Because  depends  on  both  vR  and  R,  eq.(3)  has  been 
solved  numerically  at  a  number  of  time  points  for  each 
impact  parameter  and  collision  energy. 
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ELECTRON  DETACHMENT  OF  H~  IN  THE  LABORATORY  FORWARD  DIRECTION 


M.  G.  Menendez,  C.  R.  Mauldin,  M.  M.  Duncan  and  J.  L.  Hopkins 
Department  of  Physics  and  Astronomy,  University  of  Georgia,  Athens,  GA  30602 


Col  1 isional ly  induced  electron  loss  of  H"  occurs 
via  the  two  general  processes  of  single  electron  loss 
(SEL)  and  double  electron  loss  (DEL).  We  shall  refer  to 
the  double  differential  cross  section  (DDCS)  measured 
without  process  selection  as  the  combined-DDCS  and, 
accordingly,  refer  to  the  DDCS  measured  with  process 
selection  as  SEL-DDCS  and  DEL-DDCS.  Previous  measure¬ 
ments  of  the  combined-DDCS  for  electron  detachment  of  H" 
upon  collisions  with  He  and  other  targets  at  ion  energies 
from  0.15  MeV/amu  to  0.7  MeV/amu  and  comparisons  with 
theoretical  calculations  have  established  the  importance 
of  target  excitations. ^  Recent  measurements  and  prelim¬ 
inary  calculations  of  the  DDCS  further  suggest  that 
excitation  of  the  projectile  in  the  final  state  might  be 


manifest  in  the  combined-DDCS. 


These  results  can  be 


summarized  as  follows: 

(1)  the  combined-DDCS  is  composed  of  two  components; 

(a)  a  target-dependent,  double  peaked  structure  due 
to  the  interference  between  i  =  0  and  l  >  0  partial 
waves  of  electrons  ejected  via  the  SEL  process,  and 

(b)  a  sharp  peak  centered  about  the  electron  energy 
equivalent  to  the  velocity  of  the  incident  ion 

(2)  on  the  basis  of  process  selective  measurements4 

of  SEL-DDCS  and  DEL-DDCS  both  components  of  the 

combined-DDCS  are  attributable  to  the  SEL  process 

c 

which  dominates  over  the  DEL  process 

(3)  the  sharp  peak  displays  forward-backward  sym¬ 
metry  in  the  projectile  rest  frame 

v4)  the  sharp  peak  has  been  tentatively  assigned  to 
SEL  events  which  leave  the  H  atom  in  excited  states. 
Since  the  assignment  of  the  sharp  peak  is  only 
tentative  and  because  there  is  interest  in  including 

final  state  H  atom  excitations  in  the  theoretical  cal- 
3  6 

culations  ’  we  have  measured  the  angular  distribution 
of  this  peak  in  detail.  The  sharp  peak  from  0.5  MeV  H~ 
collisions  with  He  was  extracted  from  the  combined-DDCS 

2 

in  the  manner  previously  described. 

The  angular  distribution  of  the  sharp  peak  was 
measured  in  the  range  0  'A  5  2.6  in  steps  of  0.1° 
from  =  0°  to  =  0.6°  and  in  steps  of  about  0.2° 
for  ’•  0.6  .  These  data  were  transformed  to  the 

projectile  frame  and  account  was  taken  of  the  finite 
energy  and  angular  resolutions.  The  data  in  the  pro¬ 
jectile  frame  show  that  electrons  in  the  range  0  to  0.1 
eV  provide  the  main  contribution  to  the  sharp  peak  and 
that  these  electrons  are  essentially  isotropically 
distributed. 


This  work  was  supported  by  AFOSR  Grant  No.  83-0264. 
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PROCESS  SELECTIVE  EXPERIMENTS:  THE  DOUBLE  ELECTRON  LOSS  OF  H*  IN  COLLISIONS  WITH  HE 


M.  M.  Duncan,  M.  G.  Menendez,  J.  L.  Hopkins  and  C.  R.  Mauldin 

Department  of  Physics  and  Astronomy,  University  of  Georgia,  Athens,  GA  30602 

We  have  measured  at  e-j  b  =  0  electrons  which  were 
time  correlated  with  protons  produced  by  double  electron 
loss  of  H’  in  collisions  with  He  at  an  ion  energy  of 
0.5  MeV.  The  experimental  configuration  which  provides 
access  to  the  final  charge  states  H",  H  and  H+  as  well 
as  to  the  electrons  is  described  elsewhere.^  In  order 
to  increase  the  electron  count  rate  our  best  energy 
and  angular  resolutions  were  not  used;  for  these 
measurements  AE/E  =  0.016  FWHM  and  A6  =  ±0.9°.  The 
signal-to-noise  ratio  (that  is,  the  ratio  of  correlated 
events  to  uncorrelated  events)  as  measured  from  the 
output  of  the  time-to-ampl itude  converter  was  about  2. 

The  electron  energy  spectrum  obtained  by  requiring  a 
specific  time  correlation  contains  true  as  well  as 
accidental  events.  Thus  the  appropriate  uncorrelated 
(accidental)  spectrum,  obtained  simultaneously  with  the 
above  spectrum,  was  subtracted  from  the  above  spectrum 
in  order  to  obtain  the  "true”  correlated  spectrum. 

The  (e-H+)  -  correlated  electron  energy  spectrum 

O 

at  e1ab  =  0  shows:  (1)  a  peak  at  an  energy  of  272  eV, 
the  energy  of  an  electron  moving  with  the  same  velocity 
as  the  incident  ion;  (2)  no  evidence  of  the  double- 
peaked  structure  seen  in  the  uncorrelated  electron 

2 

spectra  form  H  collisions  with  He  and  other  targets 
and  in  the  (e-H)  -  correlated  electron  energy  spectra;^ 

(3)  a  forward  (0  in  the  projectile  frame)  -  backward 
(180  in  the  projectile  frame)  asymmetry  which  persists 
after  the  finite  resolutions  of  the  detection  system 
were  taken  into  account.  The  interpretation  of  this 
asyirmetry  is  that  the  electron  ejection  in  the  projec¬ 
tile  frame  has  an  angular  distribution  involving  an  odd 
power  of  cose,  perhaps  cose  itself. 

This  work  was  supported  by  AF0SR  Grant  No.  83-0264. 
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UNITED  ATOM  ROTATIONAL  COUPLING  IN  H  +  HE  COLLISIONS 


Chiiling  Wang  and  Joseph  Macek 


Behlen  Laboratory  of  Physics,  The  University  of  Nebraska, 
Lincoln,  NE  68588-0111  USA 


For  highly  asymmetric  collisions  it  is  necessary 
to  supplement  the  2po  -2ptt  rotational  coupling 
equations  to  incorporate  transitions  to  the  2so  state 
near  the  united  atom  limit.  The  avoided  crossing  of 
the  2so-2po  is  usually  treated  diabatically1  for 
nearly  symmetric  collisions.  We  have  made  three 
state  calculations  to  test  this  prescription  for 
highly  asymmetric  systems  using  the  H+  +  He  system  as 
a  prototype.  Molecular  energy  levels  and  coupling 

2 

matrix  elements  calculated  by  Green  and  co-workers 
were  used  as  input  data  for  the  three-state  dynamical 
calculations. 

The  probability  vs.  impact  parameter  for 
transitions  from  the  2o  to  the  3<j  adibatic  molecular 
state  near  the  united  atom  limit  is  shown  in  Fig.  (1) 
for  relative  velocities  of  0.2  and  0.5  atomic  units. 
The  large  and  nearly  energy  independent  peak  in  the 
probability  near  b=0.5  au.  represents  a  marked 
departure  from  diabaticity  for  this  system. 

The  small,  but  non-negligible  and  energy 
dependent,  probability  at  large  b  is  due  to  indirect 
2a-l7r-3o  rotational  coupling.  The  energy  dependence 
of  this  component  reflects  the  energy  dependence  of 
the  dominant  2o-l.it  rotational  transition.  The 
indirect  or  two  step  coupling  occurs  because  the  2a-3<j 
crossing  is  not  completely  diabatic.  The  mixing 
angle  <*(r)  of  Taulbjerg  and  Briggs1  is  found  to  equal 
-1.365  rather  than  -n/2  at  large  R.  As  a  consequence 
both  the  2o  and  3o  states  couple  to  the  In  state,  and 
the  3  a  state  takes  some  of  the  intensity  that  goes  to 
the  2  a  state  in  a  purely  diabatic  treatment. 


FIGURE  1  Probability  as  a  function  of  impact  parameter 
b  for  a  2o-3o  transition  near  the  united  atom  limit. 
The  solid  curve  corresponds  to  a  relative  velocity  of 
0.5  au  and  the  dotted  curve  to  a  velocity  of  0.2  au. 
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The  2p  vacancy  production  cross  section  C^p  was 
measured  for  200-380  kev  Ar2+  ions  stopping  in  thick 
Mg  targets-  The  cross  sections  were  obtained  from  analy¬ 
sis  of  the  Ar  L  x-ray  yields  measured  with  a  thin-window 
gas-flow  proportional  counter.  The  product  of  the 
counter  efficiency  and  the  2p  fluorescence  yield  was 
obtained  by  normalizing  our  results  to  the  Ar-Si  2p 
vacancy  production  cross  sections  measured  by  Schneider, 
et  al.1  after  they  were  scaled  to  Ar-Mg  using  the 
Kessel  model.  Our  results  are  consistent  with  the 
3do-3dTT-3d6  rotational  coupling  as  the  cause  of  2p 
electron  promotion  into  unoccuppied  molecular  orbitals 
in  the  Ar-Mg  collision  quasimolecule. 

Combined  with  our  previous  measurements2  of  the 
total  Mg  K-vacancy  production  cross  section  in  these 
collisions,  information  was  obtained  on  the  projectile 
energy  dependence  of  the  Ar  2p-vacancy  lifetime  t  and 
the  collisional  quenching  cross  section  O  .  From  the 
rate  equations  for  the  fraction  of  Ar  projectiles  that 
possess  a  2p  vacancy  while  traveling  through  a  solid, 
the  equilibrium  fraction  f  is  found  to  be. 


eq 


O.  /  (  0.  -4-  1/NvT  +  a  ) 

2p  2p  q 


(1) 


where  N  is  the  target  atom  density  and  v  is  the  inci¬ 
dent  speed  of  the  Ar  projectile.  We  have  calculated 
f  for  different  incident  Ar  energies  E  from  the  Ar-Mg 
vacancy  transfer  cross  section  aK: 


(1/3)  f  o  „ 
eq  rot 


(2) 


where  0  is  the  theoretical  2pO-2p7T  rotational  coupl- 
rot 

ing  cross  section. 3  Equations  (1)  and  (2)  were  used 
to  determine  T  as  a  function  of  E,  assuming  no  quenching 
(o  =0),  and  also  to  determine  a  as  a  function  of  E 

q  q 

assuming  T  is  equal  to  the  constant  free-atora  value  of 
4  x  10  h  s  for  Ar  possessing  a  single  2p  vacancy. 

The  results  indicate  that  <7  is  negligible  compared 

q 

with  the  spontaneous  decay  cross  section  1/NvT.  This 
conclusion  is  in  agreement  with  the  experimental  results 
of  Garcia,  et  al.**  for  Ar  traveling  in  carbon. 

The  figure  gives  the  results  for  T  vs  E  in  these 
experiments.  Errors  for  each  measurement  were  on  the 
order  of  10-20%. 
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FIGURE  1 .  The  Ar  2p-vacancy  lifetime  x  as  a 

■  function  of  projectile  energy  for  Ar 
traveling  in  and  stopping  in  Mg. 
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L-SHELL  EXCITATION  IN  FAST  COLLISIONS  OF  Ne+-Ne  § 

H.J.  Hoffmann,  U.  Lais  and  R.  Brenn 
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Inner  shell  excitation  is  well  understood  in  the 
limiting  cases  of  the  quasimolecular  model  (slow, 
symmetric  or  level  matching  collisions)  or  direct  Coulomb 
excitation  in  perturbative  treatment  (fast,  asymmetric 
collisions).  The  transition  region  between  both  models 
or  the  corresponding  outer  shell  processes  are  however 
much  less  tested  experimentally  or  studied  theoretically. 

The  present  experiments  extend  our  earlier  work^  on 
K-shell  excitation  in  Nen+-Ne  collisions  to  (single  and 

double)  2s-shell  excitation  processes  and  extend  similar 

2  3 

data  by  Hippier  and  Schartner  and  Beyer  et  al.  to 
higher  velocities,  well  into  the  transition  region 
between  both  models.  The  aim  is  to  test  the  range  of 
validity  of  MO  calculations  for  these  systems,  e.g.  by 
Albat  et  al .4  and  Fritsch  and  Wille®. 

Excitation  cross  sections  for  the  production  of 
several  excited  states  in  Nell  and  Ne III  with  one  or  two 
2s  shell  vacancies  in  1  to  4.5  MeV  Ne+-Ne  collisions 
were  studied  by  measuring  the  UV  emission  between  38  and 
53  nm  with  a  novel  grazing  incidence  spectrometer.  The 
instrument  utilizes  high  precision  x-y-translational 
stages  driven  by  stepping  motors  under  computer  control 
and  incremental  measuring  devices  for  a  high  precision 
absolute  position  readout  of  the  optical  elements  to 
move  the  exit  slit  with  the  channeltron  multiplier  on  a 
calculated  or  computer  optimized  focal  curve. 

The  spectrometer  can  be  positioned  at  angles  between 
0°  and  150°  to  the  beam  direction,  offering  the  possibili¬ 
ty  to  measure  UV  angular  distributions  in  order  to  study 
alignment  processes  or  to  Doppler  separate  projectile 
from  target  emission  lines  in  symmetric  collision 
systems.  An  instrument  with  these  facilities  has,  to  our 
knowledge,  not  been  available  in  fast  ion-atom  collision 
experiments  although  one  instrument  with  computer 
calculated  and  controlled  scan  path  has  recently  been 
described  in  the  literature®. 

In  fig.  1,  the  UV  emission  from  the  decay  of  the 
(1s22s2p5)3P°,  J=0,1 ,2  mul tiplet .^separated  for  projectile 
and  target,  is  shown  for  3  MeV  Ne  -Ne  collisions.  The 

resolution  of  0.04  nm,  obtained  in  first  order  for  a  gold 
coated  600  1/mm  grating  of  2.2  m  radius  at  83.22°  graz¬ 
ing  angle  with  the  spectrometer  positioned  at  120”  to  the 
beam  direction,  is  limited  by  the  40  pm  entrance  and 
exit  slit  widths.  The  difference  between  target  and 
projectile  line  intensities  is  in  contrast  to  the 
predictions  of  the  M0  model  and  shows  its  breakdown  for 


these  velocities. 

By  normalizing  our  cross  sections  to  the  1  MeV 

values  by  Beyer  et  al.3  we  extract  absolute  cross 

5  1  3 

sections  for  the  production  of  the  (2s2p  )  pq  1  2 
and  (2s®2p®)'Sq  excited  states  in  Nell  and  Neill, 
separately  for  projectile  and  target.  Their  velocity 
dependences  are  found  to  deviate  from  predictions  of 
available  model  calculations. 
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Figure  1  Decay  of  the  (2s2p®)3P®  multiplet;  the  spectral 
range  is  48.65  to  49.65  nm.  P:Group  of  Doppler 
shifted  projectile  lines;  T:Target  lines 
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VELOCITY  DEPENDENCE  OF  0UAS1H0LECULAR  AUGER  EMISSION  IN  Kr-Kr  COLLISIONS 
* 
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Electronic  processes  in  slow  atomic  collisions  are 
determined  by  the  electron  orbitals  evolving  in  the 
transiently  formed  molecule.  The  spectroscopy  of 

collisionally  emitted  continuum  electrons  has  been  used 
as  a  tool  to  study  these  quasimolecular  (MO)  states.'  An 

interesting  feature  of  this  electron  emission  has  been 
2 

seen  by  Liesen  et  al.  who  observed  oscillation-like 
structures  in  the  MO  Auger  spectrum.  They  were 
attributed  to  the  interference  of  decay  amplitudes  along 
the  incoming  and  outgoing  parts  of  individual  collision 
trajectories. 

In  the  work  to  be  reported  here  we  have  studied  the 
continuum  electron  emission  in  150  keV  and  450  keV  Kr-Kr 
collisions.  Electrons  were  energy  analyzed  (energy  E#) 
in  an  electrostatic  spectrometer  perpendicular  to  the 
primary  ion  beam  direction.  They  were  detected  in 
coincidence  with  Kr  ions  scattered  through  15°  after 
interaction  with  a  dilute  Kr  gas  target. 

The  results  are  shown  in  Fig.  1.  Mo  oscillations 
have  been  found  in  the  coincident  MO  Auger  spectra 
although  we  tried  to  closely  reproduce  the  experimental 
conditions  of  ref.  2.  The  spectra  can  be  decomposed  into 
an  exponential  component  and  a  broad  maximum.  The 
behaviour  of  the  exponential  component  (broken  lines) 
with  ion  energy  indicates  the  increasing  significance  of 
direct  transitions  to  the  continuum  with  increasing  ion 

3 

energy.  Writing  the  exponent  as  (-aE^/flv^)  with  vQ  the 
collision  velocity,  the  value  a  =  0.14  a.u.  gives  good  2 
agreement  with  experiment  between  50  and  450  keV  ion 
energy.  The  broad  maximum  has  previously  been  associated  3 

with  HO  Auger  emission'  and  provides  information  on 

collision  broadening  T  and  mo  level  energy.  For  example, 

2/3 

r  is  found  to  scale  with  v  in  agreement  with  previous 

„  t  0 

work . 

This  work  has  been  supported  by  the  Deutsche 
Forschungsgemeinschaft . 


Electron  Energy  [eV] 

Fig. I:  Electron  spectra  coincident  with  ion,  scattered 
through  15°.  SO  keV  data  from  ref.  1.  Liesen  et 
si.  from  ref.  2;  tSO  keV  ♦  present  dete  In. 2,  Al. 
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CONTINUUM  ELECTRON  EMISSION  FROM  COLLISIONS  OF  0. 1-3.2  MeV  Kr  IONS  WITH  Xe  TARGETS 


P.  Clapis,  R.  Roser,  K.  J.  Reed+  and  Q.  C.  Kessel* 

* 

^Department  of  Physics  and  Institute  of  Materials  Science,  University  of  Connecticut,  Storrs,  CT  06268  USA 
Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94550  USA 


A  band  of  electrons  with  energies  in  the  range  of 
150  to  600  eV  have  been  observed  from  collisions  of  Kr 
with  Xe  targets.  Coincidence  measurements  between 
these  electrons  and  the  scattered  ions  determine  the 
impact  parameter  dependence  for  this  electron  emission 
and  show  this  dependence  and  the  electron  energies  to 
be  consistent  with  the  promotion  of  M-  and  N-shell 
electrons.  Figure  1  shows  sharp  increases  in  the 
electron  production  cross  section  for  distances  of 
closest  approach  of  0.6  and  0.3  a.u.  An  extension  of 
the  calculations  of  Eichler  and  coworkers^  is  shown  in 
Figure  2  where  a  series  of  avoided  crossings  appear 
for  each  of  these  intemuclear  distances.  The  thresh¬ 
old  behavior  for  the  production  of  these  continuum 
electrons,  together  with  the  agreement  with  Figure  2, 
indicates  that  two  specific  promotions  are  responsible 
for  the  production  of  vacancies  which  may  be  produced 
in  any  of  a  number  of  orbitals.  The  filling  of  these 
vacancies  can  take  place  from  outer-lying  orbitals 
which,  during  the  collision,  may  be  poorly  defined  be¬ 
cause  of  uncertainty  broadening  and  dynamic  coupling. 

The  observed  band  of  electrons  is  consistent  with  such 
an  excitation-decay  process.  This  is  in  contrast  to 
an  explanation  for  continuum  electrons  from  Kr-Kr  colli¬ 
sions  wherein  they  were  attributed  to  the  filling  of  a 

2  3 

single,  well  defined  MO  during  the  collision.  ’ 
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LARGE  ANGLE  tEASUREMNTS  OF  K-SHELL  VACANCY  PRODUCTION  IN  COLLISIONS  OF  Ne  AND  Ar  IONS  WITH  Ar  TARCETS 

A.  A.  Antai*  AND  Q.  C.  KESSEL* 
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The  final  charge  state  of  Ne  and  Ar  projectiles 
scattered  through  angles  ranging  fran  1  to  45°  by 
single  collisions  with  Ar  targets  have  been  measured. 

The  product  of  the  target  gas  pressure  times  the  path 
length  in  the  gas  is  kept  snail  enough  <2  -  6  X  10"^ 
Torr-am)  to  minimize  multiple  collisions.  The 
projectile  Ne  and  Ar  ions  are  produced  in  the  terminal 
of  a  Van  de  Graaff  accelerator.  The  energy  of  these 
projectiles  ranged  from  0.15  to  1.50  MaV  using  single 
Ne  and  Ar  ions  and  up  to  3.0  MeV  using  doubly  ionized 
projectiles.  For  each  set  of  an  ion  energy,  Eo-  and 
scattering  angle  8,  the  number  of  ions  having  charge 
state  m/&-,  are  counted  after  passing  through  an 
electrostatic  analyzer.  The  probability  of  the  ions 
having  charge  state  m  (for  each  set  of  EQ  &  ©)is  given 
by  Pm  =  Njj/i  N^.  The  average  charge  m  of  the  scattered 
ions  was  theR  determined  fran  the  values  of  Pm  fran 

the  relation  m  =J'"mPm. 

m 

nhe  data  are  comparer!  with  inelastic  energy  loss 
measurements  obtained  by  Kessel  and  ooworkers1'2  for 
the  same  collision  pairs  at  lower  energies.  For  the 
Ne+-Ar  collision  the  final  charge  states  range  fran 
2  to  6  show  an  excitation  for  a  distance  of  closest 
approach  Rq  =  0.2A  where  m  increases  from  2  to  4.  A 

canparison  of  these  data  with  the  molecular-potential 

3  4 

calculations  of  Eichler  and  ccworkers'  show  this 
excitation  may  be  attributed  to  Ar  L-shell  vacancy 
production.  For  the  Ar^-Ar  collision,  the  fined 
charge  states  range  fran  4  to  10  show  an  increase  in 
the  average  charge  state  of  the  scattered  ions  fran 
7  to  8  when  the  distance  of  the  closest  approach,  Rq 
is  changing  fran  0.03  to  0.015A.  Lutz  and  coworkers 
observed  K-shell  excitations  for  similar  collision 
conditions  and  therefore  this  increase  in  ionization 
may  oe  attributed  to  the  production  of  K-shell  vacancy 
in  one  of  the  argon  atoms. 

This  research  has  been  performed  at  the  University 
of  Connecticut,  supported  bv  National  Science  Founda¬ 
tion  grant  nurber  PHY-8406117. 
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In  several  asymmetric  heavy  ion  collision  experi¬ 
ments  it  has  been  found  that  the  induced  x-ray  produc¬ 
tion  does  not  depend  linearly  on  the  target  thickness^^1. 
This  behaviour  depends  on  the  build  up  of  K-  and  L-shell 
vacancies  in  the  projectile  when  it  moves  through  the  foil. 
K-shell  excitation  and  ionization  is  then  no  longer  sim¬ 
ply  related  to  the  K  x-ray  yields.  For  instance  a  pro¬ 
jectile  K-shell  vacancy  created  in  a  first  collision  can 
be  quenched  by  a  process  whereby  a  target  K-electron  is 
transferred  to  the  projectile  K-shell  (KK  electron  cap¬ 
ture),  before  a  radiative  or  non-radiative  decay  takes 
place.  KK  electron  capture  should  manifest  itself  even 
in  symmetric  (Zp  =  Zt)  collisions  by  enhancing  the  target 
K-vacancy  production  cross  section  relative  to  that  of 
the  projectile.  The  enhancement  depends  on  the  cross 
section  for  KK  electron  capture  and  on  the  fraction  of 
projectiles  carrying  a  K-vacancy.  K-vacancy  production 
in  symmetric  collisions  occurs  predominantly  via  the 
2p-n-2po  molecular  orbitals,  when  a  previously  created 
2 pTT  vacancy  is  transferred  to  the  2po  orbital  at  small 
internuclear  distances  and  then  shared  between  target  and 
projectile  K-shell  .  This  process  depends  on  the  l.-shel 1 


MO  model  prediction  of  K-vacancy  production  via  2pn-2po 
rotational  coupling  and  equal  sharing  probability  between 
target  and  projectile.  The  KK  electron  capture  cross  sec¬ 
tion  is  larger  than  oy.  Its  magnitude  is  in  strong  dis¬ 
agreement  with  predictions  from  the  OBK  theory^.  A  des¬ 
cription  of  KK-electron  capture  in  terms  of  a  two  pass 
2pa-lso  radial  coupling  is  in  better  agreement  with  the 
experimental  values. 
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In  order  to  study  the  various  competing  processes 
responsible  for  projectile  and  target  K-vacancy  production 
in  symmetric  systems,  we  measured  the  separated  target  and 
projectile  K  x-ray  emission  in  Ni-Ni,  Cu-Cu,  Nb-Nb,  Ag-Ag 
as  a  function  of  the  target  thickness.  The  target  thick¬ 
ness  ranged  from  3  to  200  Ug/cm  ,  the  beam  energy  between 
75  and  105  MeV.  The  K  x-rays  were  detected  with  a  SiLi 
detector  set  at  30°  and  150°  with  respect  to  the  beam  di¬ 
rection.  In  this  way  the  Doppler  shifted  projectile  lines 
could  be  separated  from  the  target  tines.  K^  and  Kg  ener¬ 
gy  shifts  and  K^/K^  ratios  for  target  and  projectile 
were  also  determined  as  a  function  of  the  target  thick¬ 
ness  and  used  to  determine  the  average  L  and  M  shell  po¬ 
pulations  during  the  K-vacancy  decay  and  the  K-shell 
fluorescence  The  projectile  and  target  K-vacancy  pro¬ 
duction  cross  sections  so  obtained  for  Cu-Cu  collisions 
at  90  MeV  are  displayed  in  fig.  1  as  a  function  of  the 
target  thickness.  By  analyzing  these  cross  sections  with 
a  model  which  takes  into  account  the  evolution  of  the 
projectile  L-  and  K-shell  inside  the  target,  the  cross 
sections  of  the  K-shell  excitation  in  target  and  pro¬ 
jectile  and  of  KK  electron  transfer  in  symmetric  collisions 
could  be  determined.  We  found  that  K-shell  excitation  in 
target  and  projectile  (av)  is  equal  consistently  with  the 


TARGET  THICKNESS 

FIGURE  1  K-vacancy  production  cross  sections  for  target 
and  projectile  as  a  function  of  target  thick¬ 
ness  in  Cu-Cu  collisions  at  90  MeV 
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SPECTROSCOPY  OF  QUASIMOLECULAR  ORBITALS 
FROM  INTERFERENCES  IN  Iso-  2pn,  2po  X  RAY  TRANSITIONS’ 
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In  recently  performed  collision  experiments  of 
decelerated  hydrogenlike  Cl^+  ions  with  A r  atoms  an 
interference  structure  in  the  spectra  of  quasimolecular 
K-  x  rays  (MO  x  rays)  for  fixed  impact  parameters  was 
found3).  It  was  possible  to  extract  in  a  direct  way 

lso-2pn  quasimolecular  transition  energy  from  this 
21 

structure  We  want  to  report  here  about  new  experi- 
15+ 

ments  with  light  (S  -Ar)  and  intermediate  heavy 
(Ge33+-Kr,  Kr35+-Mo)  collision  systems  with  the  follow¬ 
ing  goals: 

1.  A  better  understanding  of  the  interference  struc¬ 
ture  and  more  precise  spectroscopic  information 

2.  Extending  the  studies  to  heavier  systems  and 
also  to  the  use  of  solid  targets. 

The  spectra  of  MO  x  rays  contains  a  superposition 
of  transitions  from  mainly  the  2po  and  2pn  states 
into  the  Iso  state.  Although  the  transition  from 
2pm  should  dominate,  the  contribution  from  2po  influ¬ 
ences  the  spectroscopic  result.  With  respect  to 
the  first  point  we  searched  for  possibilities  to 
separate  the  two  contributions  in  the  MO  x  ray  spectra. 

According  to  theoretical  predictions  e.g.  by  Briggs 
et  al.3),  the  interference  structure  in  the  MO  x  rays 
should  be  shifted  in  the  photon  energy  for  observation 
at  two  different  polar  angles  (0°  and  90°).  We  therefore 
performed  an  experiment  with  12.8  MeV  S33+  on  Ar 
(gas  target)  and  observed  MO  x  rays  in  coincidence 
with  scattered  particles  at  two  emission  angles 
(20°  and  90°)  with  respect  to  the  beam  axis.  A  small 
shift  in  the  interference  structure  at  the  two  emission 
angles  is  observed,  which  will  be  compared  with 
theoretical  predicitions. 

With  respect  to  the  second  point  we  report  about 
results  from  measurements  with  decelerated  (2.6  MeV/u) 
Ge33*  on  a  Kr  gas  target  and  4.6  MeV/u  Kr33+  on  a  Mo 
solid  target.  The  fig.l  shows  a  two-dimensional  spec¬ 
trum  of  x  ray  energy  versus  coincidence  time  at  a 

31+ 

small  impact  parameter  of  820  fm  from  the  Ge  -Kr 
experiment.  In  the  part  of  the  spectrum  above  the 
characteristic  x  rays  the  time  peak  for  the  MO  x  rays 


is  clearly  seen.  Subtracting  the  random  background 
one  can  already  see  from  the  two-dimensional  spectrum 
the  existence  of  an  interference  minimum  and  a  maximum 
in  the  MO  x  ray  continuum.  This  structure  is  utilized 
to  obtain  lso-2prc,  2po  quasimolecular  transition 


energies  also 

in  these  intermediate  heavy  systems. 
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Fig.  1:  Two-dimensional  coincidence  spectrum:  time 
versus  x  ray  energy  for  impact  parameters 
around  820  fm. 
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if- VACANCY  PRODUCTION  IN  HIGH  ENERGY  U  +  U  AND 
U  +  Pb  COLLISIONS  AT  SMALL  IMPACT  PARAMETERS* 


J.  D.  Molitoris,  R.  Anholt,  W.  E.  Meyerhof,  O.  K.  Baker,  S.  Andriamonje,^  and  E.  Morenzoni^ 
Dtpartmtnt  of  Physics,  Stanford  University,  Stanford,  CA  9fS05 


Extending  our  earlier  investigation  of  the  Pb  if -shell  vacancy 
production  in  elastic  Xc  +  Pb  collisions  near  and  above  the  nuclear 
Coulomb  barrier,1  we  have  determined  the  Pb  and  U  if -shell  ion¬ 
ization  probabilities  in  elastic  U  +  Pb  and  U  +  U  collisions  at  4.6, 
5.8,  and  7.3  MeV/a.m.u.  In  these  heavy-ion  -  atom  collisions,  the 
molecular  model  is  appropriate,  according  to  which  the  ionization 
of  an  inner  (if)  shell  can  be  described  in  terms  of  the  ionization 
of  the  molecular  orbitals  (Iso,  2 po)  leading  to  that  shell.2 

In  this  work  we  investigate  2 po  ionization  in  symmetric  and 
asymmetric  collisions  and  Iso  ionization  in  asymmetric  U+Pb  col¬ 
lisions.  We  used  projectile  energies  near  and  above  the  Coulomb 
barrier  because  of  their  interest  in  related,  but  more  complex  stud¬ 
ies,  such  as  the  determination  of  atomic  positron  production  in 
heavy-ion  collisions3  and  the  study  of  nuclear  time  delay  effects 
in  deep  inelastic  nuclear  reactions.4  In  the  former  of  these,  the 
Iso  ionization  probability  plays  an  important  role,  whereas  in  the 
latter,  use  is  made  of  the  much  larger  2po  ionization  probability. 
Our  work  directly  tests  calculations  which  have  been  made  of  these 
ionization  probabilities.5,6 

We  determined  these  if -shell  vacancy  probabilities  by  detect¬ 
ing  the  K  x-rays  of  the  collision  partners  in  coincidence  with  scat¬ 
tered  particles.  A  major  difficulty  at  projectile  energies  above  the 
Coulomb  barrier  is  the  production  of  if  x-rays  by  the  internal  con¬ 
version  (IC)  of  -y-rays,  from  inelastic  nuclear  reactions.  To  over¬ 
come  this  problem  we  made  use  of  a  q-ray  anticoincidence  method 
described  in  our  earlier  work.1  The  technique  worked  well  in  the 
determination  of  the  if -vacancy  production  probability  from  U  x- 
rays  as  it  helped  to  eliminate  some  IC  due  to  Coulomb  excitation 
in  addition  to  IC  from  nuclear  qr-ray  cascades  connected  with  near- 
elastic  and  deep-inelastic  reactions.  The  method  made  negligible 
difference  in  the  measurement  of  Pb  x-rays. 

Comparison  of  the  experimental  data  with  theory  is  made 
slightly  more  complicated  because  of  the  need  to  consider  va¬ 
cancy  sharing  between  the  2po  and  Iso  MO’s.7  Judging  from  the 
measured  impact  parameter  dependence  of  the  Jf-vacancy  shar¬ 
ing  factor8  (ui),  for  our  purposes  w  should  be  nearly  independent 
up  to  several  hundred  fm.  In  that  case,  the  measured  Pb  and  U 
K -vacancy  production  probabilities  cm  be  written  in  terms  of  the 
theoretical  2 po  and  Iso  vacancy  production  probabilities  as: 

Ppb  =  (1  -  +  wPus  (1) 

(2) 


If  we  take  w  from  theory,7  we  cm  calculate  the  expected  values  of 
Pipe  and  Pi,a  from  the  experimental  values  of  Ppt  and  Pu'. 

Pirc  =  |(1  -  ™)Ppb  ~  v>Pu}l(l  ~  2w)  (3) 

ft.v  =  |(1  -  w)fV  ~  <"^P6|/(1  -  2to)  (4) 

These  values  are  shown  in  Fig.  1  for  7.3  MeV/a.m.u.  U  +  Pb 
collisions  and  are  compared  with  coupled  chMnel  calculations6  and 
a  scaling  law  description.9  Figure  1  also  shows  a  similar  comparison 
for  7.3  MeV/a.m.u.  U  +  U  collisions.  Here  the  P\u  contribution 
was  estimated  by  the  scaling  law  description  and  was  subtracted 
from  the  data.  We  will  also  present  results  for  projectile  energies 
of  5.8-  and  4.6-MeV/a.m.u.  Comparison  is  made  with  theory  and 
other  available  data. 


Fig.  1.  Iso  (A)  and  2 po  (■)  vacMcy  production  probabilities 
versus  impact  parameter  for  7.3  MeV/a.m.u.  (a)  U+U  and  (b)  U + 
Pb  collisions  compared  with  theory. 
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Z-DEPESDENCE  OF  POSITRON  PEAK  STRUCTURE  IN  SUPERHEAVY  COLLISION  SYSTEMS 
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We  have  pursued  a  series  of  experiments  to  study  posi¬ 
tron  creation  in  the  collision  systems  23,U  ♦  2u,Cm, 

2 ,2Th  ♦  n'Cm,  23,U  ♦  23,U,  23tU  ♦  2  3  2Th,  2  3  2Th  ♦ 
2  32Th  where  supercritical  binding  can  be  achieved  with 
the  beams  and  targets  available.  Both  23,U  and  2J2Th 
projectiles  were  used  to  avoid  the  possibility  of  a  colli¬ 
sion  partner  common  to  ail  the  systems.  The  measure¬ 
ments  were  motivated  especially  by  the  anomalous 
appearance1  of  a  narrow  positron  peak  in  23,U  *  n,Cm 
collisions.  This  peak  displayed  many  of  the  properties 
that  could  be  associated  with  spontaneous  positron 

emission  from  a  giant  dinuclear  system,  in  particular  a 
2 

peak  energy  consistent  with  the  energy  of  a  super- 
critically  bound  Is  state  for  a  system  composed  of  the 
two  nuclear  charges  rZu=188)  marginally  touching.  The 
measurements  noted  above  were  carried  out  to  search 
for  peak  structures  in  other  supercritical  systems  with 
special  emphasis  on  exploring  two  distinguishing  fea¬ 
tures  that  could  identify  the  spontaneous  positron  exci¬ 
tation  process:  1)  a  very  strong  dependence  of  the 
peak  energy  on  the  total  nuclear  charge  Z u  and  2) 
emission  from  the  combined  system. 

The  general  features  of  all  the  collision  systems  studied 
were  found  to  be  similar,  with  a  pronounced  peak 
appearing  above  the  continuous  background  in  each 
case.  As  found  in  the  U  *  Cm  system^  ,  the  peaks 
appear  to  be  produced  in  a  narrow  interval  of  bombard¬ 
ing  energy  near  the  Coulomb  barrier,  they  cannot  be 
identified  with  any  trivial  nuclear  source,  and  the  very 
similar  Doppler-broadened  line  widths  are  all  compatible 
with  emission  by  a  system  moving  with  the 
center-of-mass  velocity.  However,  a  near  degeneracy  in 

peak  energies  is  observed  for  all  the  systems,  which 

20  2 

contrasts  with  the  ~Z^  dependence  expected  for 
spontaneous  positron  emission  from  systems  of  constant 
nuclear  charge  distribution  and  state  of  ionization.  Fig¬ 
ure  1  illustrates  that  to  account  for  this  near  constancy 
in  peak  energies  within  the  context  of  spontaneous 
positron  emission,  it  is  necessary  to  invoke  very  radi¬ 
cally  different  charge  distributions  for  the  metastable 
grant  nuclear  systems.  It  bears  emphasis  that  the  very 
similar  peak  energies  and  widths  are  notable  features  of 
the  spectra  and  suggest  a  common  source. 


Because  of  these  findings,  we  recently  have  also  pur¬ 
sued  the  question  of  whether  the  peaks  are  uniquely 
associated  with  only  supercritical  systems  by  studying 
the  subcritical  system  2  3  2Th  *  1,lTa  (Zu=163).  As 
shown  in  Figure  2,  a  narrow  peak  with  an  energy  con¬ 
sistent  with  the  peaks  in  the  supercritical  systems  is 
also  observed  in  this  case.  In  this  system  we  have  also 
detected  J-ray  transitions  which  could  contribute  struc¬ 
ture  to  the  positron  spectrum  in  the  region  of  the  peak 
through  internal  pair  creation.  The  extent  to  which 
the  nuclear  transitions  can  account  for  the  peak  in  Fig¬ 
ure  2  is  presently  being  investigated. 
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ACCURACY  OF  MEASURED  H(n=3)  DENSITY  MATRICES  FOR 
H+'-He  AND  H+,  H2+,  AND  H3+-CARB0N  FOIL  COLLISIONS 

W.  B.  Westerveld,  N.  Rouze,  and  J.  S.  Risley 

Department  of  Physics 
North  Carolina  State  University 
Raleigh,  North  Carolina  27695-8202  USA 


We  have  developed  an  experimental  technique  to 
determine  the  density  matrix  of  fast  excited  hydrogenic 
systems.  The  technique  has  been  applied  to  measure  the 
density  matrix  of  H(n=3)  atoms  formed  in  40-80  keV  H++He 
electron  transfer  collisions1*2  and  40-160  keV  H+,  H2+, 
and  H3+  collisions  with  carbon  foils. In  the  experi¬ 
ment,  the  excited  hydrogen  atoms  are  allowed  to  radia- 
tively  decay  in  the  presence  of  externally  applied  axial 
or  transverse  electric  fields.  These  fields  produce 
Stark  mixing  of  the  different  fc-levels,  thereby  changing 
the  intensity  and  polarization  of  the  observed  light. 

The  electric  fields  can  be  kept  sufficiently  small 
(<1000  V/cm)  so  that  the  collision  itself  is  unaffected. 

The  data  are  analyzed  by  modeling  the  time 
evolution  of  the  excited  hydrogen  atoms  from  their 
formation  until  their  decay.  Statistical  fitting  of 
calculated  signals  to  experimental  observations  allows 
the  determination  of  a  linear  superposition  of  the 
calculated  signals  which  "best"  fits  the  measured 
signals  and  yields  the  H(n=3)  density  matrix  at  the 
time  of  the  formation  of  the  hydrogen  atom.  The 
obtained  density  matrix  specifies  the  charge  and 
current  distribution  of  the  excited  atom,  thus 
facilitating  an  intuitive  understanding  of  the 
collision  process2,  see  Fig.  1. 

An  attractive  feature  of  this  experiment  lies  in 
the  almost  exact  analysis  which  is  possible.  The 
modeling  of  the  experiment  relies  on  the  calculable 
time  evolution  of  excited  hydrogen  atoms  in  external 
homogeneous  fields  and,  in  the  experiment  considered. 


the  essential  forward  scattering  with  a  known  velocity 
of  the  formed  atoms.  In  principle,  therefore,  high 
accuracies  are  possible  for  the  derived  density  matrices. 
However  a  number  of  small  systematic  effects  has  not 
been  taken  into  account,  such  as  cascade  from  higher 
lying  levels  and  the  energy  dependence  of  the  density 
matrix  for  speeding  up  (slowing  down)  of  the  charged 
projectiles  on  passing  through  a  gaseous  target  in  axial 
electric  fields.  At  very  low  velocity  the  angular 
distribution  of  the  emerging  hydrogen  atoms  should  be 
taken  into  account  in  the  analysis.  Turn-on  effects 
associated  with  the  electric  fields  are  difficult  to 
evaluate  quantitatively.  The  highest  demands  are  put 
on  the  optical  system  with  respect  to  polarization 
sensitivity  and  accuracv.  Specif icallv,  errors  due  to 
the  solid  angle  subtended  and  the  length  of  beam 
viewed  need  to  he  considered.  We  are  current Iv  in  the 
process  of  exploring  the  above  systematic  effects  in 
order  to  incorporate  them  in  the  analysis  or,  where 
possible,  to  minimize  t her . 

This  work  was  supported  in  part  hv  the  Atomic, 
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Fig.  1.  Density  (a)  and  current  distribution  (b)  of  H(n«3)  atoms  formed  in  40  keV  If*  +  He  electron-transfer 
collisions.2  In  the  figure,  the  He+  ion  is  to  ^he  left. 
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We  have  measured  absolute  excitation  cross  sections 

j(2P)  of  Na  2p53s2  2P  and  the  alignment  parameter  A?  of 

5  2  2  c 

Na  2p  3s  P3,2  for  proton  impact  in  the  energy  range 

Eu<  =  10  ...  30  keV  or  range  of  reduced  velocity 

vrel/v2p  =  °'38  °'66  (vrel  3  V  and  v2p  are  the 

velocities  of  the  proton  and  the  2p  electron  of  Na, 

respectively) . 

Experimentally,  the  proton  beam  passed  through  a 
metal  vapor  oven  and  excited  the  Na  atoms  inside  the 
oven.  Electrons  from  the  autoionisation  of  the 

C  O  O 

2p  3s  3/2  states  were  measured  for  different 

ejection  angles  o  relative  to  the  proton  beam.  For  the 
cross  section  measurements  the  magic  angles  e  =  54.7° 
or  125.3°  were  used. 

The  cross  sections  for  proton  impact  were  determin¬ 
ed  on  an  absolute  scale  by  fitting  them  to  the  absolute 
cross  section  for  elastic  scattering  of  electrons1  by 
Na  atoms  at  the  incident  energy  of  500  eV.  To  achieve 
this,  the  intensity  of  autoionization  electrons  follow¬ 
ing  proton  impact  and  the  intensity  of  electrons 
elastically  scattered  by  the  same  Na  target  were  measur¬ 
ed  intermittendly,  thereby  the  density  of  the  Na  target 
and  the  transmission  of  the  electron  spectrometer  need 
not  be  determined. 

The  alignment  parameter  A.,,  with 
A?  =  Q(2p0)-Q(2p1 )  U/ C  Q(2pO)+2Q(2p1 )  j  and  Q(2pmK)  the 

excitation  cross  section  of  a  2pmj,  electron  to  a  3s0 
state,  was  determined  via  the  angular  distribution  of 
jutoionization  electrons 

1 3/2<">  =  ( 1 3/2/4"  1  ^  1  <-A2p2(c°se  J^- 

In  Fig.  1  and  2  the  present  experimental  values  of 

P 

tne  absolute  cross  sections  Q(  P)  and  the  alignment 
parameter  A?  (here  also  earlier  values  are  included)  are 
compared  to  theoretical  results  obtained  for  different 

p 

approximations  .  It  is  interesting  to  note,  that  best 
agreement  for  the  cross  sections  occurs  for  a  25  state 
SCA  calculation,  where  backcoupling  and  polarization 
effects  of  the  target  atom  has  been  taken  into  account, 
whereas  for  the  alignment  parameter  A^  best  agreement 
occurs  for  the  PWBA.  This  rather  good  but  unexpected 

agreement  with  the  PWBA  results  has  been  found  already 

.  .  3 

earlier  . 
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Fig.  1  and  2.  Absolute  excitation  cross  sections  Q(  P) 
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or  Na  2p  3s  P  and  alignment  parameter  A?  of 
c  p  o  * 

Na  2p  3s  P^/2  for  Proton  imPact  as  function  of 

v  ,/v-  .  Experiment:  V  =  present  values,  £=  Theodosiou 
re  1  4P  4  5 

et  al  O  =  Ziem  et  al .  ,  □  =  Ruckteschler  and  Mehlhorn  . 
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Theory  :  — -  =  25  state  close  coupling  calculation  (SCA), 
-  •  -  =  4  state  close  coupling  calculation  (SCA), 

-  =  PWBA  (identical  to  the  results  of  Theodosiou 

et  al.3). 
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INTRODUCTION 

The  shape  and  the  orientation  of  the  charge 
cloud  of  an  atom  excited  in  collisions  will  re¬ 
flect  details  of  the  underlying  excitation  mech¬ 
anisms.1  Analysis  of  the  polarization  properties 
of  the  light  emitted  by  the  excited  atom  has 
developed  into  a  powerful  tool  for  the  test  of 
predictions  concerning  the  physics  of  the  col¬ 
lision  process.  We  have  studied  excited  state 
capture  of  Li+  and  Na+  colliding  with  inert 

2 

gases  by  using  the  quasi-coincidence  technique. 
So  far  the  quasi-coincidence  technique  has  been 

applied  only  to  excited  state  capture  in  col- 

+  +  3  4 

lisions  of  He  and  Ne  with  inert  gases.  ' 

Even  in  the  simplest  case  He+-He  the  measured 
reduced  degree  of  polarization  IP  I  was  far  from 
unity,  and  information  on  the  shape  and  orien¬ 
tation  of  the  excited  state's  charge  cloud  could 
not  be  obtained. 

We  have  carried  out  a  complete  polariza¬ 
tion  analysis  of  the  Li(2o-*2s)  and  Na(3p-»3s) 
nhotons  emitted  after  excited  state  capture  in 
collisions  of  Li+  and  Na  with  the  inert  gases. 
The  reduced  degree  of  the  polarization  for  this 
class  of  collision  processes  is  indeed  unity  ex¬ 
cept  for  very  small  scattering  anqles.  Thus  the 
polarization  results  can  be  used  to  deduce  the 
shape  and  orientation  of  the  excited  state's 
charge  cloud. 

EXPERIMENT 

Li+  and  Na+  ion  beams  are  produced  by  eva¬ 
porating  the  aporopriate  alkali  metals,  and  by 
ionizing  a  small  fraction  of  the  evaporated 

atoms  by  collisions  with  hot  metal  surfaces.  A 

-7  2 

stable  beam  current  density  of  10  A/mm  at  1  m 
distance  from  the  ion  source  can  be  maintained 
at  2.5  keV  beam  energy.  The  monoenergetic  ion 
beam  collides  with  inert  gas  atoms  in  a  short 
collision  cell  of  3  mm  length.  The  photon  detec¬ 
tor  consists  of  a  polarization  analyzer,  an  in¬ 
terference  filter,  and  a  photomultiplier  and  de¬ 
tects  photons  from  the  transitions  Li(2p-*2s) 
and  Na(3p-*3s).  Photons  are  only  registered  if 
the  emitting  atom  is  scattered  into  the  desired 
angle  and  decays  after  it  has  left  the  collision 
cell.  The  angular  resolution  is  about  1  degree 
FWHM.  Both  the  linear  polarizations  Pi  and  P2, 


and  the  circular  polarization  P3  are  measured 
as  a  function  of  the  scattering  angle. 

RESULTS  AND  INTERPRETATION 

A  complete  polarization  analysis  of  the  emit¬ 
ted  photons  from  the  capture  processes 
Li*  +  Rg  -  Li (2p)  +  (Rg)+ 

Na+  +  Rg  -  Na  ( 3p)  +  (Rg)  + 
where  Rg=:He,  Ne,  Ar,  Kr,  Xe ,  will  be  presen¬ 
ted  for  scattering  anqles  8  between  1  and  4 
deqs  at  2.5  keV  impact  energy.  Full  coherence 
is  found  for  8  >  2  degs  except  for  Li+-Ne  and 
Na+-Ne.  The  results  for  Li*-He  are  in  quali¬ 
tative  agreement  with  previous  results.  In 
general  P-j  is  small  in  the  studied  8-range  at 
2.5  keV.  The  (m=i1)  substates  of  Li(2o)  and 
Na(3p)  are  dominantly  populated.  We  can  con¬ 
clude  that  the  Li (2d)  and  Na(3o)  charge 
clouds  are  oriented  almost  perpendicular  to 
the  internuclear  axis  under  these  conditions. 
These  results  can  be  understood  on  the  basis 
of  one-electron  orbital  correlation  diagrams5 
which  predict  that  the  dominant  excitation 
mechanism  under  the  studied  conditions  should 
be  rotational  coupling  at  small  internuclear 
distances  (1  a.u. )  . 

In  an  auxiliary  experiment  we  have  stu¬ 
died 

He(23P)  +  Rq  -  He(33P)  +  P.q 
with  the  quasi-coincidence  technique  at  the 
same  imoact  enerqy.  As  in  the  case 

He+  +  Rn  -  He(33P)  +  Rq+ 

3  4 

studied  in  '  the  reduced  deorec  of  polari¬ 
zation  is  well  below  unity,  and  there  is  no 
complete  coherence. 
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POLARISATION  STUDIES  OF  RESONANT  ELECTRON  EXCHANGE  IN  Na+-Na*(3p)  COLLISIONS 
A.  Bahring,  R.  Witte,  H.  Schmidt  and  I.V.  Hertel 
Institut  fur  Molekiilphysik ,  Freie  Universitat  Berlin,  D-1000  Berlin  33,  West  Germany 

The  merging  of  atomic  and  molecular  description 
in  low  energy  ion-atom  scattering  has  exten- 
sively  been  discussed  in  previous  publications* 

where  we  studied  inelastic  collisions  in  the  * 

model  system  Na+-Na*(3p).  The  simple  picture  -2L»  ^ ,2 L - - - 

V  V  / 

arising  from  these  measurements  of  the  polari-  zl  I  x  ii+f  / - - - \  \ 

in.  A  FtU  _ ■ — \  \ 

sation  dependent  differential  cross  sections  *  a, -in,  f  r  ^  \  \ 

was  that  of  a  finite  internuclear  distance  R^,  _ /  /  | _ 

where  the  main  axis  of  the  3p-charge  cloud  i«n  i  l  noi-ntrowiM  — 'Trr^J  i-n  trgrM«n 

,  c  r.  smoo*n  ncr«M  \  \  tar®*  («» ta*******  ^ w 

changes  from  space-fixed  to  body-fixed  behavi-  Upborn  \  \  /  / 

our  thus  being  locked  to  the  molecular  axis.  Of  \  V  /  / 

course,  the  measured  value  of  R^  is  marking  an  \ 'V  / 

effective  locking  range  rather  than  a  definite  v"s*n, _ 

radius.  Moreover,  to  be  roughly  constant  R^ 
must  be  appreciably  smaller  than  the  impact  Fig . 2  Scheme  of  the  interaction  regions  in 

parameter  b.  This  is  also  seen  from  semiclassi-  elastic  scattering 

cal  calculations  of  R^(b)  shown  in  Fig.  1.  This  is  demonstrated  in  Fig.  3,  where  we  com- 

Indeed  the  condition  b<'<RL  is  fully  satisfied  pare  a  measured  angular  dependency  of  the  cir- 

m  the  case  of  collisional  3p~3s  deexcitation  cular  asymmetry  P3  with  semiclassical 

and  3p-3d  excitation,  for  both  processes  pro-  calculations.  According  to  the  limited  resolu- 

ceed  via  rotational  coupling  at  quasi-fixed  tion  of  our  apparatus  the  theoretical  curve  had 
impact  parameters  b  5a. u.  In  contrast,  the  to  be  averaged  over  the  angular  interval 

recently  studied  resonant  charge  transfer  in  +0.1°  resulting  in  a  much  smoother  behaviour 

and  damped  to  a  magnitude  that  agrees  well  with 


■H  Ecm=100eV 


b/a.u. 

F  i  g .  I  Locking  radius  RL  as  a  function  of  im¬ 
pact  parameter  b,  calculated  for  gerade 
,  ungerade  -  •  potentials 
the  excited  channels^  is  observed  under  colli¬ 
sion  angles  peaking  at  0^M=0°  and  hence  taking 
place  mainly  at  large  impact  parameters.  There 
we  reach  the  limits  of  our  simple  locking  mo¬ 
del,  the  processes  becoming  very  complicated  as 
indicated  in  Fig.  2.  Since  we  are  no  longer 
able  to  disentangle  the  numerous  possible  tran¬ 
sitions  each  leading  to  different  trajectories 
there  is  no  more  defined  impact  parameter  and 
therefore  even  the  semi  cl assi ca 1  picture  be¬ 
comes  dubious.  Moreover,  the  huge  amount  of 
partial  waves  taking  part  in  the  small  angle 
scattering  makes  calculations  very  difficult. 


0cm/deg. 

Fig . 3  Angular  dependent  circular  asymmetry  P3 

•  exp., - theory,  - - averaged  theory 

experiment.  Further  effort  is  being  made  to¬ 
wards  considerable  improvement  of  the  angular 
resolution  employing  multichannel  detectors. 
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SPIN-DEPENDENT  INTERACTION  IN  keV  Ne  ♦  Na  COLLISIONS 


W.  Jifcicbm.  S.  Osimitsc^,  H.  Reihl,  D.  Mueller. 
H.  Kleinpoppen  ,  and  H.O.  Lutz 


t  Fakultat  fur  Physik.  Universitat  Sielefeld.  4800  Bielefeld  West  Germany 
Atomic  Physics  Laboratory,  University  of  Stirling,  Stirling  FK9  41A,  Scotland 


The  spin  polarization  of  an  electron  is  influenced  in  a 


collision  by: 


case  1)  interaction  between  spin  and  other  angular 


case  2)  exchange  of  individual  electrons. 


Both  interaction  mechanisms  may  be  active  in  collision 


systems  with  at  least  two  electrons. 

As  a  first  step  towards  experiments  in  which  the 


spins  of  all  collision  partners  are  known  before  and 
after  the  collision  we  investigated  the  Na  3s  to  3p 
excitation  by  Ne*  ions  with  spin  preparation  and  analysis 


of  Na  only: 


Ne  ♦  Na(  f  )  Ne  ♦  Na  ( T  )  . 


The  Na  atoms  had  an  initial  spin  polarization  P  *  0.205, 


and  the  spin  polarization  of  the  excited  final  Na  3p 


state  was  derived  from  the  circular  polarization  of 


the  fluorescence  light  which  is  affected  by  hyperfine 


relaxation  after  the  collision.  The  observed 


polarization  values  P ^  (Fig.  U  are  compatible  with 


spin-conservation  at  high  impact  energies;  however,  with 


decreasing  impact  energy  becomes  smaller  indicating 


the  increasing  influence  of  spin-changing  interactions 


during  the  collision. 


As  a  possible  explanation  for  the  observed 


depolarization  we  suggest  the  following  simplified 


mechanisms;  Excitation  of  Na  presumably  occurs  via 


quasi- resonant  charge-exchange  from  the  3so  state  to  the 


4 po  state  at  large  internuclear  distances  and  subsequent 


rotational  coupling  to  the  3pv  state  (Fig.  2).  The  ipo 


0  EublkeV] 

F iq , 1 ;  Circular  polarization  of  the  Na  3p  fluorescence 


light.  The  upper  dashed  curve  (P^O.171)  corresponds  to 


spin - conserva t ion  during  the  collision,  the  lower  dashed 


curve  (PjSO.117)  corresponds  to  an  unpolanzed  Na  3p 


electron  immediately  after  the  collision  Solid  curves 


take  spin-precession  calculated  for  pure  coupling  cases 


into  account;  upper  curve:  33-coupimg,  lower  curve: 


electron -exchange . 


WW .  •*,  \, •*. 


(  Ne*(2p*’  ‘P  >.No‘  (7©*  S  •* 


—  u-g 


R  [a0  1 


f iq ■ 2 ;  Molecular  orbital  diagram  of  the  Na*Ne*e  system 


(based  on  diagrams  of  Olsen  et  al  ) . 


state  correlates  to  the  atomic  Ne(2p  3s)  state  in  which 


the  3s  electron  interacts  with  the  2p  core.  The  actual 


interaction  results  in  intermediate  coupling  of  the 


angular  momenta  involved.  In  order  to  estimate  the 


depolarization  of  the  3s  electron  by  the  interaction  one 


may  calculate  the  depolarization  for  the  limiting  cases 


of  33-couplmg  (case  t  above)  and  LS-couplmg  (case  2 
above).  In  33-coupling  the  3s  spin  couples  with  the  2p5 
state  where  3  is  (statistically)  either  3/2  or  1/2 


(resulting  splitting  417  cm  1  and  1070  cm  *  , 


respectively).  In  LS  coupling  the  spin  of  the  3s 


electron  is  affected  by  exchange  of  3s  and  2p  electrons 


due  to  the  electrostatic  interaction  (interaction  energy 


2/3  G *  *  970  cm  *).  With  known  interaction  energies  the 

2 

spin-precession  can  be  calculated. 


The  curves  obtained  by  assuming  an  interaction  time 


11  a  /v  (v  denotes  the  impact  velocity)  are  in 


qualitative  agreement  with  the  experimental  data 
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PROTON- INDUCED  L  X-RADIATION: 

STRONG  DEPENDENCE  OF  POLARIZATION  ON  TARGET  NUCLEAR  CHARGE 


U.  Werner,  W .  Jitschin,  and  H.  0.  Lutz 


Fakultat  fur  Physik,  Universitat  Bielefeld, 
4800  Bielefeld  1,  Fed.  Rep.  of  Germany 


fn*  polarization  and  anisotropy  of  X-raaiation  originates 
*ro«  the  anisotropy  (alignment)  of  the  collisionally 
induced  vacancy  state  For  the  proton  -  induced  L-shell 
radiation  of  heavy  target  atoms  t  7  ?  >  4  7 1  existing  data  are 
in  reasonable  agreement  with  advanced  theories  and.  if 
scaled  properly,  depend  only  weakly  on  the  target  nuclear 

charge  1  3  In  contrast,  for  light  target  atoms  (7  »30) 

K  2 

only  two  experimental  points  are  available. 

In  our  measurements  we  recorded  the  L-spectra  of  the 

Id  transition  elements  Co.  Ni.  Cu.  and  Zn  (7  =27-30)  with 

5 

a  plane-crystal  x-ray  spectrometer  The  various  L  lines 
are  well  resolved  allowing  a  determination  of  the 
l.  polarization  (Fig.  1);  measured  values  were  corrected 
for  the  polarization  sensitivity  of  spectrometer.  At 
high  impact  velocities  the  observed  polarization  values 
are  small  in  all  targets  studied  (Fig.  2).  At  small 
velocities  polarization  values  of  considerable  size  are 


Fiq  .  3 :  L^-subshell  alignment  of  Cu  and  Zn. 
Experiment:  e  Cu,  ■  Zn,  present  work;  o  Cu.  ref.  4. 
Theory:  CPSSR  with  hydrogemc  wavef  unctions . 

CPSSR  with  screened  wavefunctions .  SCA  with 
relativistic  Hartree -Fock-Slater  wavefunctions3, 
-  -  -  SCA  with  screened  relativistic  hydrogemc 
wavefunctions . 3 


components  of  the  linear  polarization. 


Fia.  2 :  Measured  polarization  of  the  L «!  line 


corrected  for  the  polarization  sensitivity  of  the 


spectrometer.  V  denotes  the  impact  velocity  in  terms 


of  the  classical  L  ^  electron  orbiting  velocity. 
Curves  are  guides  for  the  eye. 


found  for  Cu  and  Zn.  In  contrast,  for  Co  and  Ni 
considerably  smaller  polarization  values  are  observed 
which  are  attributed  to  an  efficient  dealignment  after 

the  collision  caused  by  angular  momentum  coupling  of  the 

6 

vacancy  with  the  unfilled  ?  level  in  Co  and  Ni. 
Solid-state  effects  m  the  metallic  targets  used  are  not 

expected  to  be  serious  since  the  M  state  is  rather 
7  * 

well  localized. 

For  Cu  and  Zn  the  dealignment  is  presumably  small,  and 
the  collisional-induced  alignment  has  been  derived  from 
the  measured  polarization  taking  corrections  for 
deceleration  of  the  projectile  in  the  target  and 
Coster -Kronig  cascades  into  account  (Fig.  3).  The 

results  agree  qualitatively  with  scaled  data  for  heavy 
atoms  as  well  as  theoretical  calculations. 

The  work  has  been  supported  by  the  Minister  fur 
Wissenschaft  und  Forschung  Land  Nordrhein-Westfalen. 
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AL IGNMENT  AND  ORIENTATION  OF  H(2p)  EXCITATION  IN  H*-  AND  HRARE  GAS  COLLISIONS 
R.  Hippier,  W.  Harbich,  M.  Faust,  H.  Kleinpoppen,  H.  0.  Lutz 

Fakultat  fur  Physik.  Universitat  Bielefeld,  4800  Bielefeld  1.  FR6 


In  a  previous  investigation  we  have  studied  H(2p) 
♦ 

excitation  in  H  -He.  Ar  charge  changing  collisions  at 

incident  energies  of  a  few  keV.?  Using  the  polarized 

photon- sea t tered  projectile  coincidence  technique 

detailed  information  about  the  underlying  mechanism  for 

these  collision  systems  was  obtained  We  have  now 

extended  the  method  to  higher  incident  energies  and  to 

quasi-one  electron  systems.  such  as  H-He.  Results  for 

the  integrated  (i.e.  integrated  over  the  scattering 

angle)  alignment  for  the  H*-He  collision  system  show  a 

pronounced  incident  energy  dependence  as  displayed  in 

Fig.  1.  From  these  data  some  information  about  the 

collision  dynamics  may  be  extracted.  At  low  incident 

energies  H(2p)  excitation  may  proceed  via  a  two-step 

process  in  the  transiently  formed  quasi-molecule .  The 

first  step  couples  the  (H-He)  ground  state  to  the  charge 

exchange  channel,  followed,  in  a  second  step.  by 

rotational  (o-a)  or  radial  coupling  with  higher-lying 

molecular  orbitals  (HO).  The  small  integral  alignment 

observed  at  low  incident  energies  indicates  that  both 

couplings  contribute  with  about  equal  probability  to  the 

total  H 1 2p)  excitation.  At  large  incident  energies  H(2p) 

excitation  is  the  result  of  a  one-step  process. 

Coulomb-distorted  wave  (CDW)  calculations  predict  a  large 

negative  alignment  A^  around  100  keV  incident  energy,  in 

qualitative  agreement  with  the  experimental  data. 

A  different  energy  dependence  of  the  integrated 

alignment  a^q  is  observed  for  the  quasi-one  electron 

system  H-He  (Fig  2).  Over  the  range  of  incident 

energies  studied,  the  integrated  alignment  A ^ ^  is  almost 

constant.  and  amounts  to  about  -0.15.  A  similiar 

behaviour  was  also  observed  for  other  collision  systems. 

H-Ne  and  H-Ar.  This  negative  alignment  contrasts  sharply 

to  the  alignment  observed  for  H  -He  collisions,  where  at 

the  same  incident  energies  A^^O  was  0^served 

Pronounced  differences  between  H-He  and  m  -He 

collisions  were  also  observed  for  the  differential 

alignment.  Measuring  the  linear  and  circular 

polarizations  of  emitted  light  in  coincidence  with 

scattered  projectiles,  the  alignment  tensor  components 

*20  ant*  the  orientation  vector  were  obtained 

♦ 

In  comparison  to  the  H  -He  collision  system  the  following 
differences  were  observed. 

(i)  In  H-He  collisions  the  relative  population  of 

H(2p  )  is  small  (<  0.2)  and,  over  the  limited  range  of 
o 

impact  parameters  investigated  so  far.  decreases  with 
decreasing  impact  parameter.  This  differs  from  the  m  He 

I 


collision  in  so  far  as.  particularly  at  small  impact 
p  rameters.  a  pronounced  H(2pQ)  excitation  was  observed. 

The  total  polarization 
p  *  in  P,/3|2  .  IT  P2/3)?  .  P32)'/2  is  close  to  unity . 
within  the  experimental  uncertainty,  in  marked  difference 
to  H  -He.  where  P  averaged  only  60-70  1. 


Energy (keV ) 


Figs.1  and  2:  Integrated  alignment  A^  versus  incident 
energy  for  H  -He  and  H-He  collisions,  respectively. 

Fig.  1  ;  •  present  results.  O  Teubner  et  al.3 
Fig. 2:  Present  results  for  •  H-He  and  A  H*  -  He 
collisions 

The  above  differences  give  evidence  that  different 

excitation  mechanism  may  be  responsible  for  H(2p) 

excitation  in  H  -He  and  H-He  collisions.  The  strong 

increase  of  HI2p  )  excitation  in  H  He  collisions  has 
o 

been  attributed  to  a  radial  o-o  coupling  operating  at 
small  impact  parameters.  Obviously.  from  the  present 
data,  such  a  coupling  is  of  minor  importance  in  H-He 
col  1 i s ions . 
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THE  COUPLING  OF  ELECTRONIC  ANGULAR  MCKEN'TUK  TO  THE  MOLECULAR  AXIS  IN  AN  ATOM  -  ATOM  COLLISION 


0.  Grosser 

Institjt  fur  Atov  -  und  Molekul physik ,  University  of  Hannover,  Federal  Republic  of  Germany 


More  arc  more  atom-atom  collision  experiments  in¬ 
volve  a  cetailed  control  of  the  state  cf  polarization  of 
tne  product  or  reactant  atoms.  They  require  for  their 
in terrreta t ipr  a  nood  understanding  of  the  interaction 
between  the  electronic  argular  rcientu'"  of  the  atoms  and 
the  “olecular  axis,  which  is  forrec  by  the  ators  during 
thp  collision.  For  the  comparatively  simple  case  of  a  S 

•  P  collision,  the  transition  fro-  the  atomic  tc  the  mo¬ 
lecular  motion  has  been  corpletely  aralysed  .  The  P  wa¬ 
ve  functicr  re-ains  space  fixed  for  atoric  distarces 
larger  tran  a  "leckino  radius"  r^  and  rotates  with  the 
axis  at  s-aller  distarce  (The  possible  uncoupling  at 
very  small  distarce  near  the  urited  a  tor  limit  is  not 
considered  here'.  The  transition  between  the  two  types 
of  motion  is  accompanied  by  a  transfer  of  angular  rpmen- 
tir  between  the  electronic  and  ruclear  decrees  of  free¬ 
dom.  Recent  experiments'"  have  fully  confirmed  the  theo¬ 
retical  predictions. 

>e  theory  has  now  been  extended  to  the  cases  ‘S 

•  L..  Fic.l  snows  sche~a t ica  1  ly ,  which  types 

of  ticn  are  expected  for  different  combinations  of  the 

atoric  distance  r  and  the  relative  velocity  v  of  the 
atoms.  The  argular  momenta  indicated  in  the  various  re¬ 
gions  are  conserved.  L,  S,  and  0  are  the  electronic  orbi¬ 
tal,  spin,  and  total  angular  momentum.  The  z-  and  ;-  co¬ 
ordinate  axes  are  fixed  in  space  and  to  the  molecular 
axis,  respectively.  The  boundaries  in  fio.1  correspond 
to  zones  of  radial  or  rotational  coupling.  The  theory  in¬ 
volves  the  following  steps:  (I)  an  eigenfunction  expan¬ 
sion  cf  the  total  wave  function  in  the  form 

■  ■>m,~  i:A:r  (r,  r  (.1 

l~  u 

where  r , -J  ,  and  qp  are  polar  coordinates  describing  the 
relative  motion  of  the  atoms,  and  K,  M,  and  .1  are  the 
quantum  numbers  describing  the  absolute  value  and  the  z 
and  '  components  of  the  total  electronic  -  nuclear 
angular  momentum;  (2)  the  derivation  of  the  coupled 
equations  for  the  radial  functions  F  . (r);  (3)  the 
approximate  solution  of  the  coupled  equations  and  the 
summation  of  eq.l  over  K,  using  semiclassical  methods. 

’he  theory  allows  a  ricooros  discussion  of  the  conserva¬ 
tion  laws  for  parity  and  planar  reflexion  and  a  compari¬ 
son  with  results  obtained  for  stable  molecules. 

We  discuss  a  collision  's<^P  as  the  simplest  exam¬ 
ple.  The  transition  from  ,1.  to  J2  conservation  at  low 
velocity  is  quite  similar  to  the  transition  from  L,  to 
L.  corservatior  in  the  case  without  spin.  There  exists  a 


locking  radius  r1  ,  at  which  the  wave  function  ceases  to 
rotate  with  the  axis.  Angular  momentum  is  transferred 
between  the  nuclear  and  electronic  degrees  of  freedom 
when  the  system  passes  through  the  locking  region.  For 
a  system  with,  for  example 


=  3/2 


=  1/2 


=  C  r 


-3 


(2) 


the  locking  radius  is 
r  ^  -  J  C  2hv 


(3) 


Simple  expressions  for  the  angular  momentum  balance  are 
obtained,  when  the  wave  function  has  a  well  defined  re¬ 
flexion  symmetry,  including  spin,  with  respect  to  the 
xz-(scatterino)  plane.  In  a  situation,  in  which  the 

2 

system  dissociates  from  a  state  J  =3/2,J,=  3/2>  or 
2 

J  =3  2,0,  1 '2>,  the  expectation  value  of  Jy  increases 

or  decreases  by  an  amount 


(4) 


when  the  system  goes  through  the  locking  region,  b  is 
the  impact  parameter, eq. 4  holds  to  the  first  order  in  b. 

The  decoupling  process  at  higher  collision  energy 
(vvq)  in  fig.l  can  to  a  first  approximation  be  descri¬ 
bed  by  neglecting  the  spin.  A  closer  inspection  shows 
that  the  spin  orbit  interaction  causes  a  transfer  of  re¬ 
flection  symmetry  between  the  electronic  orbital  and 
spin  degrees  of  freedom.  Model  calculations  for  all 
transitions  occur ing  in  fig.l  will  be  presented. 

1 )  /.Grosser,  J.Phys.BJ£,  1449(1981) 

2)  A.Bahring  et  al .  .Z.Phys .A312 ,  293(1983) 
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DIAGONAL  AND  NONDIAGONAL  ELEMENTS  OF  THE  INTECRAL  CROSS  SECTION  MATRIX  FOP 
H( Is)  ♦  Ne.Ar  -  H(nl )  COLLISIONS  AT  LOW  ENERGY 
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S.  Debus,  J.  Grosser,  W.  Kruger 

Institut  fiir  Atom-  und  Molekiilphysik,  Universitat  Hannover,  Hannover,  Federal  Republic  of  Germany 


We  report  measurements  of  the  quantities 

r  -  rf  f*  dr 

nlm/nl 'm  "  'nlm  nl 'm  a“ 

for  the  inelastic  collision  processes 
H(1s)  *  Ne.Ar  -»  H(nl)  +  Ne,Ar 


for  n=2  and  3  at  collision  energies  from  40  to  1600eV. 

T^e  fnlm  are  the  inelastic  scattering  amplitudes,  the 
integral  is  over  the  scattering  angles.  The  c  with  1=1' 
are  the  integral  cross  sections,  the  nondiagonal  terms 
describe  a  coherent  excitation  of,  for  instance,  s  and  p 
states  ( "s-p-coherence") .  Practically,  the  matrix  o  is 
the  density  matrix  for  the  ensemble  of  excited  atoms  pro¬ 
duced  in  the  col  1 ision. 


The  experimental  method  consists  of  the  measurement 
of  the  light  emitted  from  the  excited  atoms, 

H(3spd)  *  H(2sp)  *  Ha 
H(2sp)  -  H ( 1 s )  *  La 

and  of  the  variation  of  the  light  intensities  under  the 
influence  of  an  external  electric  field.  The  L  intensity , for 
instance ,  is  related  to  the  cross  section  matrix  as  follows: 


I  ( L 


const  Re  Z  c 


nlm/nl 'm  “nlm  'nl 'm 


(F) 


(2) 


The  sum  is  over  all  n  2,  the  n>2  terms  are  cascade 
contributions.  The  :  do  not  depend  upon  the  field  strength, 
the  field  dependence  of  the  weighting  factors  a(F)  can 
be  calculated  numerically.  Some  of  the  functions  a (F )  are 
shown  in  fig.l.  It  is  assumed  in  eq.2  and  in  the  figure 
that  the  quantization  axis  is  the  field  direction.  The 
weighting  factors  have  an  important  symmetry  property  un¬ 
der  the  reversion  of  the  field  direction, 

J*1  ' 


a  ,  ,,  ( -F )  =  ( -1 ) 1 

nlm  nl  m 


anlm/rl 'm  ^ 


(3! 


This  allows  to  evaluate  the  data  in  two  steps.  The  first 
one  is  the  evaluation  of  the  experimental  values  1(F)  * 
K-F),  it  yields  essentially  the  cross  sections.  The  se¬ 
cond  one  is  the  evaluation  of  I ( F ) - 1 ( -F'  .civing  nondiago¬ 
nal  (coherence)  terms. 


We  fit  the  data  to  the  theoretical  curves  by  a  least 

sauares  procedure, in  general  the  fit  covers  both  H  and 

L  data.  Cascade  contributions  from  n  4  are  not  taken  in- 
n 

to  account,  but  cascades  from  nO  are  fully  taken  care 
of.  The  table  shows  preliminary  results  for  a  combined 
Hy L.-evaluation  for  H*Ar  at  300eV  collision  energy.  The 
cross  sections  are  summed  over  the  magnetic  quantum  num¬ 


bers.  Our  data  are  compared  to  data  obtained  by  time  re¬ 
solved  H  measurements'.  The  last  column  has  been  used  to 

a 

normalize  our  data,  but  the  good  agreement  of  the  3s  re¬ 
sults  is  conclusive.  Our  2s  and  2p  results  have  the  same 

2 

order  of  magnitude  as  the  results  of  Birely  and  McNeal 
obtained  above  1 keV  without  cascade  corrections ,  and  they 
are  within  the  limits,  which  we  obtained  earlier  from  an 
evaluation  of  the  L  measurements  alone^. 


2s 

2p 

3s 

3p 

3d  3d-0.123p 

Our  work 

3.4 

2.9 

0.8 

0.0 

3.5  3.5  10"'7cm2 

ref.  1 

- 

- 

0.8 

- 

3.5  10*17cm2 

Table  Integral  production  cross  sections,  H«Ar,  300eV 


The  evaluation  of  the  difference  signals  gives  com¬ 
paratively  large  values  for  the  2s/2p-coherence  term. 
Other  coherences  have  not  yet  been  found.  The  coherence 
terms  are  limited  in  their  magnitude  by  the  requirement 

cnlm/nl  'm:  '  ^nlm/nl m  ''nl  'rr/nl  'm 
The  typical  values  found  for  Rec^j/jp  are  not  much  below 
the  limit.  The  sign  of  carries  a  simple  geometric  in¬ 

formation  about  the  wave  tunction  produced  in  the  colli¬ 
sion.  We  can  conclude  for  H*Ar  at  high  energy  that  the 
excited  electron  has  its  center  of  charge  behind  the 
proton,  that  is,  it  points  back  to  the  collision  partner. 
This  behaviour  is  reversed  at  low  collision  energy. 

1)  B .VanZyl ,H .Neumann  ,w .L .Pothwel 1  Jr .  ,R.C .Amme ,Phys . 

Rev.  A21_,716(  1980 

2)  J. H. Birely, R. McNeal ,Phys. Rev. A5, 257(1971) 

3)  J. Grosser , W. Kruger, 2. Phys.A32C, 155(1 985! 


Fig.l  Field  dependence  of  L  weirhtino  factors 
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EXCITATION  OF  LOW-ENERGY  H  TO  ns  STATES  IN  COLLISIONS  WITH  RARE- GAS  ATOMS 
B.  Van  Zy 1 ,  M.  W,  Gealy,  and  P,  S.  Ormsby 
Department  of  Physics,  University  of  Denver,  Denver,  Colorado  80208,  USA 


Excitation  cross  sections  of  ground- state  hydro¬ 
gen  atoms  (H)  to  the  2s,  3s,  and  4s  states  in  colli¬ 
sions  with  rare- gas  atoms  are  reported  and  compared. 
The  H-atom  energy  range  extended  from  0.1  to  2.5  keV. 

The  cross  sections  for  excitation  to  the  long- 
lived  3s  and  4s  states  were  measured  previously*  by 
observing  the  increase  in  the  Balmer- alpha  and  Ba  Imer- 
bcta  emissions  from  3s  2p  and  4s  -+  2p  transitions  as 
a  function  of  distance  along  the  H-beam  axis  into  a 
target  cell  containing  low-density  rare-gas  atoms. 

The  2s- state-exci ration  cross  sections  were  measured 
by  observing  the  changes  in  Lyman- alpha  (Lrf)  emission 
when  an  electric  field  parallel  to  the  H-beam  axis  was 
applied  in  the  interaction  region  viewed  by  the  photon 
de  tec  tor . 

The  basic  technique  for  generation  of  the  H-atom 

beam,  a  description  of  the  absolute ly- ca libra  ted  L^ 

detector,  and  the  cross  sections  for  L^  emission  from 

H  +  ra re- ga s- a  tom  collisions  are  given  elsewhere  at 
2 

this  conference.  The  electric  field  was  applied  by 
two  plates  perpendicular  to  the  H-beam  axis  having  1 
cm  dia  apertures  through  which  the  H  atoms  could  pass, 
and  centered  about  the  L^  detector's  optical  axis.-* 
Most  measurements  were  made  with  an  applied  field  of 
700  V/ccn.  The  polarizations  of  the  La  emission  ob¬ 
served  in  the  presence  of  the  applied  field  were  also 
measured.  Both  the  La  signal  and  the  polarization 
were  found  to  be  independent  of  the  field  polarity. 

The  2s- state- excitation  cross  sections  could  not 
be  simply  obtained  by  subtraction  of  the  L^  emission 
cross  sections  measured  with  the  field  on  and  off. 
Indeed,  the  field- on  cross  sections  were  sometimes 
smaller  than  the  field- off  cross  sections.  This  re¬ 
sults  from  the  changes  in  the  cascade  population  of 
the  n  =  2  states  from  higher  n  states,  which  can  be 
quite  large,  when  the  field  is  applied.  It  was  thus 
necessary  to  undertake  an  analysis  of  these  cascade 
effects  to  properly  estimate  the  2s- state- exc i ta t ion 
cross  sections. 

The  cross  sections  for  these  ns- state  excitations 
exhibit  a  remarkable  similarity  for  all  rare- gas- a  tom 
targets,  they  are  characterized  by  broad  maxima  at 
H-aton  energies  near  0.5  keV  for  2s- state  excitation, 
the  maxima  for  3s-  and  4s- state  excitation  occurring 
at  slightly  higher  H-atom  energies.  “Hie  cross-section 
ratios  for  H-atom  energies  above  l  keV  are  in  reason¬ 


able  agreement  with  the  predictions  of  an  n  scaling 
law  and  exhibit  a  systematic  departure  from  these 
predictions  for  lower  H-atom  energies.  This  similar¬ 
ity  in  the  ns- sta te- exci ta tion  cross  sections  for  all 
rare-gas  targets  is  in  sharp  contrast  to  the  profound 
differences  among  these  targets  for  other  nfi- state- ex¬ 
citation  processes. 

The  H  +■  Ne  reaction  provided  an  opportunity  to 
examine  ns- state  excitations  in  considerable  detail. 
While  the  reason  is  not  understood,  ns- state  excita¬ 
tions  dominate  over  other  n^- state  excitations  for 
this  reaction.^  It  is  not  that  ns-state  excitations 
are  here  more  probable  than  for  other  rare-gas  atoms, 
but  rather  that  other  ni- state  excitations  are  less 
probable . 

The  polarizations  of  the  total  L^  emissions  ob¬ 
served  when  the  electric  field  was  applied  were  gener- 

2 

ally  smaller  than  those  measured  with  no  field.  For 
some  reactions,  the  polarizations  were  slightly  nega¬ 
tive.  However,  the  polarization  of  quench- induced  Lrt 
from  2s- state  decay  is  a  function  of  electric- field 

4 

magnitude,  and  is  near  zero  for  a  700  V/ctn  field. 

The  polarization  of  quench- induced  L^  was  inves¬ 
tigated  as  a  function  of  electric- f ield  magnitude  by 
observing  La  from  H  +  Ne  collisions  for  an  H-atom  en¬ 
ergy  of  0.4  keV.  Here,  about  67%  of  the  total  L*  ob¬ 
served  when  the  electric  field  was  applied  resulted 
frcxn  2s- state  excitation.  Hie  theoretical  dependence 

of  the  quench- induced  L^  polarization  on  the  electric- 
4 

field  magnitude  was  verified  for  fields  between  about 
200  and  2000  V/cm. 


References 

1.  B.  Van  Zyl ,  M.  W.  Gealy,  H.  Neumann,  and  R.  C. 

Amme ,  Proceedings  of  the  Thirteenth  I nterna t iona 1 
Conference  on  the  Physics  of  Electronic  and  Atomic 
Collisions  (Berlin,  1983),  p.  335. 

2.  B.  Van  Zyl,  M.  W.  Gealy,  and  H.  Neumann,  presented 
at  this  conference. 

3.  B.  Van  Zyl,  M.  W.  Gealy,  and  H,  Neumann,  Phys. 

Rev.  A  (to  be  published). 

4.  D.  H,  Crandall,  unpublished  Ph.D.  dissertation, 
University  of  Nebraska  (1970). 

*Supported  by  the  Aeronomy  Program,  Division  of  Atmo¬ 
spheric  Sciences,  National  Science  Foundation. 


•V**.*'"  *  * 


s'  •  '  *  *  *  *  1 

r-stf  u 


.  ■  •  vV 

.  .  v-  , 

V 

*  '  .  -  .  * 

'.'.v 


•  -  •  ■-*  \j 


<,  ''.  via 


I 


i 


I 


I 


3 


444 


W99 


BRANCHING  RATIOS  FOR  THE  DECAY  OF  n=3  HYDROGEN  ATOMS 
IN  AXIAL  AND  TRANSVERSE  ELECTRIC  FIELDS 

N.  Rouze,  C.  C.  Havener,*  W.  B.  Westerveld,  and  J.  S.  Rislev 


Department  of  Physics 
North  Carolina  State  University 
Raleigh,  North  Carolina  27695-8202  USA 


The  branching  ratios  for  the  n=3  to  n=2  Balmer-a 
decay  of  hydrogen  atoms  in  axial  and  transverse  electric 
fields  in  the  range  0  -  1000  V/ctn  have  been  calculated 
using  a  density  matrix  formalism***  to  take  into  account 
the  time  evolution  of  the  atomic  states  in  the  presence 
of  the  electric  field.  The  branching  ratios  are  useful 
when  it  is  desired  to  measure  the  cross  section  for  the 
production  of  metastable  2s  hydrogen  atoms  by  applying 
an  electric  field  to  mix  the  2s  and  2p  states,  thereby 
allowing  the  atoms  to  decay  by  emitting  Lyman-a  radi¬ 
ation.  To  correct  for  cascade  contributions  from  the 
n*3  level,  branching  ratios  for  the  na3  to  n=2  decay  in 
an  electric  field  are  needed.  An  example  of  the  use  of 
these  branching  ratios  is  provided  in  the  study  of  H  + 

Ne  collisions  by  Van  Zyl,  Gealy,  and  Neumann.3 

Branching  ratios  were  calculated  for  each  of  the 
14  independent  elements  of  the  axially  symmetric  H(n=3) 
density  matrix.  An  interesting  result  is  that  the 
branching  ratios  depend  on  the  off-diagonal  density 
matrix  elements  which  give  the  coherent  excitation  of 
the  hydrogen  atoms  in  addition  to  the  diagonal  density 
matrix  elements  which  give  the  cross  sections  for 
producing  individual  excited  states.  This  result 
emphasizes  the  need  to  determine  the  complete  n«3 


density  matrix  including  the  off-diagonal  elements. 

Results  for  some  of  the  densitv  matrix  elements 
are  shown  in  Fig.  1.  For  the  off-diagonal  s.p,.,  p0d0, 
and  p.jd^j  density  matrix  elements,  the  branching  ratios 
change  sign  for  axial  fields  directed  in  the  +z  and  -2 
directions.  For  transverse  fields,  only  the  real  and 
imaginary  parts  of  the  s,  d,  off-diagonal  density  matrix 
element  have  non-zero  branching  ratios  and  the  magnitude 
of  these  ratios  are  one  half  the  ratios  for  an  axial 
field.  Thus,  if  the  values  of  the  off-diagonal  density 
matrix  elements  are  not  known,  it  is  preferable  to  use 
transverse  electric  fields  since  the  contributions  to 
the  n=3  to  n=2  branching  ratio  from  these  elements  is 
less . 

This  work  was  supported  in  part  by  the  Atomic, 
Molecular,  and  Plasma  Physics  Program  of  the  NSF, 

Grant  No.  PHY  82-08905. 
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FIG.  1.  Branching  ratios  for  the  n=  3  to  n=  2  Jecav  of  hvdr'’Een  ators  in  axial  (A>  ami  transverse  (T)  deotri< 
fields  for  a)  three  of  tile  diagonal  densitv  matrix  elements  and  M  t;.«  r«  •!  narts  of  the  nl  f-d  i  agon  a  1 
density  matrix  elements.  Axial  fields  are  directed  t<>  the  + 7  direitien. 
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CORRELATIONS  AND  STATISTICAL  DISTRIBUTIONS  IN  THE  SIMULTANEOUS 
EXCITATION  OF  BOTH  ATOMS  IN  He-He,  H-Hj  AND  Ne-Ne  COLLISIONS 

L.  Moorman,  J.  van  Eck,  H.C.M.  Heideraan  and  G.  Nienhuis 

Fysisch  Laboratorlum,  Ri jksuniversi teit  Utrecht,  Princetonplein  5, 
3584  CC  Utrecht.  The  Netherlands. 


THE  EXPERIMENT 

We  measured  photon-photon  angular  distributions 
resulting  from  the  simultaneous  excitation  of  two 
colliding  helium  atoms  to  the  2*P  state  l.e. : 

■*  ♦*  1  *  l 

He  +  He  ►  He  (2  P)  +  Hr  (2  P) 

♦  Hel  1  '  S)  +  HeC  1  '  S>  +  p(  +  p? 

where  the  fast  projectile  is  indicated  by  an  arrow  and 
the  target  atoms  have  thermal  velocities.  The  .angular 
correlation  between  the  emitted  photons  pj  and  P2, 
which  are  measured  in  coincidence  provides  information 
on  the  excitation  of  the  different  magnetic-substate 
combinations  of  two  simultaneously  excited  atoms.  For 
instance  it  reflects  the  probabilities  to  find  the  sys¬ 
tem  after  the  collision  in  the  state  ^1^2^ »  where  one 
atom  is  in  the  substate  UM>  *  (1M,>  and  the  other  in 
the  ftubstate  pM?>.  The  quantization  axis  is  chosen 
along  the  bean  axis.  In  our  experiment  apart  from  the 
usual  symmetries  we  have  the  so  called  strong  symmetry, 
which  means  that  an  interchange  of  the  two  final  sub¬ 
states  leaves  the  excitation  amplitudes  the  same  if  the 
initial  ground  state  is  non-degenerate.  Apart  from  a 
normalization  constant  the  density  matrix  G  is  deter¬ 
mined  by  the  relative  partial  cross  sections: 
a  =  N<00|C/On>  3  *  N< 1 0 | C * 1 0> 

\  *  N< l- 1  | G J 1  - 1  >  m  =  N<  1 1  |C|ll> 

and  the  coherence  integral:  X  *  N< 1- 1 | C |00> . 

We  measured  them  as  a  function  of  the  kinetic  energy  in 
the  energy  range  0.5  to  3.5  keV . 

CORRELATIONS 

If  a  complete  experiment  is  performed  every  type 
of  atomic-state  correlation  leads  to  correlations  in 
the  polarization  of  the  two  simultaneously  emitted  pho¬ 
tons.  However,  notice  the  following: 

1)  We  do  not  detect  the  direction  of  the  relative  final 
velocity.  This  leads  to  an  additional  axial  symmetry 
around  the  beam  axis. 

2)  We  measure  angular  correlations  in  stead  of  polar¬ 
ization  correlations,  so  we  cannot  measure  all  inde¬ 
pendent  parameters  which  exist. 

3>  The  density  matrix  is  necessarily  anisotropic.  This 
is  a  direct  consequence  of  the  strong  symmetry. 

4)  The  two  atoms  get  excited  with  respect  to  one  and 
the  same  collision  plane  (not  fixed  in  our  experi¬ 
ment).  The  mirror  symmetry  with  respect  to  this 


plane  is  a  type  of  atonic-state  correlation. 

We  find  that  not  every  type  of  atomic-state  corre¬ 
lation  leads  to  correlation  in  the  angular  distribu¬ 
tion.  By  using  the  assumption  of  quasi  uncorrelated 
excitation  taking  only  into  account  note  4,  we  derive 
an  inequality  for  mutually  different  diagonal  elements 
2 

e.g.  3“  <  a(\  +  a).  Above  I  keV  our  experimental 
results  do  not  satisfy  this  inequality  and  therefore 
indicate  a  real  dynamical  correlation  between  atomic 
substates . 

STATISTICAL  DISTRIBUTIONS 

We  define  a  statistical  distribution  by  the  situ¬ 
ation  where  all  basis  states, with  respect  to  which  the 
state  of  the  system  is  expanded , have  equal  probabili¬ 
ties  and  no  coherence.  This  leaves  open  the  exact 
choice  of  the  basis  set.  We  choose  the  magnetic  sub¬ 
states  of  the  total  orbital  angular  momentum  (L^)  as  a 
base  and  require  a  "weighted  statistical"  assumption. 
The  strong  symmetry  lead-  to  the  rule  that  no  Lt  *  1 
state  can  be  created.  The  distribution  where  al1  the 
magnetic  substates  of  the  total  angular  moment-im  get 
the  sane  weight,  including  the  strong  symmetry,  fits 
the  low  energy  data. 

OTHER  SYSTEMS 

We  have  also  searched  for  double  atom  excitation 

♦ 

in  other  systems.  In  H  +  H2  no  double  excitation  lead¬ 
ing  to  two  coincident  UV  photons  could  he  detected.  In 
case  of  n£  +  Ne  we  measured  two  visible  light  photons 
emitted  in  coincidence  due  to  the  decay  of  the  (2p^3p) 
to  the  (2p^3s)  state.  Search  for  simultaneous  excita¬ 
tion  of  two  Ne(2p^3s)  states,  namely  3s* [^l  ♦  or3sl^l ; 

with  mean  lifetimes  of  1.8  ns  and  28  ns,  respec¬ 
tively  were  without  succes.  We  will  compare  this  with 

i  o 

TOF  measurements  of  Brenot  et  al.  and  Gerber  et  al.-, 
who  measured  emitted  electrons  of  (Atomic  or  Molecular) 
Autolonizing  states  (AAI,  MAI)  or  intermediate  Negative 
Ions  (NI). 
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MULTIPLE  IONIZATION  OF  Me,  Ar,  Kr,  AND  I  BY  RELATIVISTIC  URANIUM  IONS 

J.  Ullrich,*  S.  Kelbch,*  and  H.  Schmidt -Backing,*  3.  Hagmann.**  R.  Anholt,f  w.  Rauch.tf  A. 3.  Schlachter/' 
A.  M Uller, *  P.  Richard,**  Ch.  Stoller,*  C-L.  Cocke,**  and  R.  Mann’1’ 

*University  of  Frankfurt,  Frankfurt,  Federal  Republic  of  Germany 
**Department  of  Physics,  Kansas  State  University,  Manhattan,  Ks.  66532 
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^Lawrence  Berkeley  Laboratory,  Berkeley,  California 
* Joint  Institute  of  Laboratory  Astrophysics,  Boulder,  Colorado 
^GSI -Darmstadt,  r.R.G. 


Multiple  ionization  cross  sections  afq)  for 
•4,"'^— MeY/amu  ' i  ior.s  incident  on  Ne,  Ar,  Kr,  an  .  HI 
targets  w^re  measure  l  at  the  Lawrence  Serve  ley 
Laboratory  HEVALA''*.  Th“  incurring  ”  beam  was  collimated 
by  ar.  A I  -  r  t?  colli  mat  cr  to  a  beam-spot  size  of  6 -mm 
diameter,  A  coincidence  between  two  scintillators  ir; 
front  and  behind  thf*  target  chamber  defined  t r.e  path  cf 
the  relativistic  pr  .yr-miie  and  therefore  the  target 
region.  This  part  of  .  .«■  gas  target  area  could  be 
viewed  by  a  recoil -ion  detector  'channel  plate)  and  an 
leetror.  detector  -  channel t re n)  mounted  opposite  to 
each  >ther,  perpendicular  to  the  beam  direction.  The 
gas- target  pressure  was  varied  between  7  x  1C“5  and  6  x 


il"*’  torr. 

The 

reccii-ion  charge  state  q,  which  Is 

the 

degree  of 

mul 

tip  i  e  ieniMtion,  was  determined 

by 

measuring 

the 

q-dependent  time-of -flight  cf 

the 

extra  vtt  •: 

rec  >. 

1  Ior.s  oetweer.  their  creation  ir, 

tn* 

target  region  car.;  thei*'  arrival  at  the  channel  plate. 
Additionally,  a  recoil -ion-electron  coincidence  was 
required  for  a  "true”  multiple  ionization  process.  This 
multiple  coincidence  suppressed  background  originating 
from  the  high  flux  of  6-electrons  and  x  rays  produced 
by  the  relativistic  heavy  ions. 

Figure  '  shows  ratios  between  measured  Ar  charge- 
st?fce  cross  sections  using  425-MeV/amu  and  15.5-MeV/amu 
h  ior.s. 1  As  expected  from  simple  binary-encounter 
icrii.-aMc-  theories,  the  cross  sections  should  fall  off 
as  v';.  where  v  is  the  ion  velocity  (shown  by  the 
dashed  line  ir.  Fig. 1).  7ne  strong  enhancement  of  c(q=l) 
ever  .z(~*c'i  in  the  425“MeV/arr?u  data  is  probably  due  to 
'i  hig*"  contribution  of  target  single  ionization  by  6 
electrons  and  x  rays  created  by  the  projectiles.  These 
data  nave  net  been  corrected  for  these  additional  non- 
separable  coincidences. 


Figure  1 . 

^  'c.i  -MeV  '  ?.~ 
error  t--.ro  snow  ?tr 
pre  1  iminary  ar.-*lysi. 
.res tier  r  »u  : 


r:t;c°  o';,  4r5-MeV.'  a.mu 

A r  multiple  i oni zati on .  The 
ur.eert aintim  mly.  In  this 
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PICOAMPERE  CURRENTS  OF  HIGHLY  IONIZED  SLOW  RECOIL  IONS  PRODUCED  3Y  70  MEV  BR'”  IMPACT. 


C.  Stoll er,  L.Lembo,  K.Danzmann*  and  W.E.Meyerhof 
Physics  Department,  Stanford  University,  Stanford  CA  94305 
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Energetic  heavy  ions  impinging  on  solid  or  gaseous 
targets  can  produce  slow,  highly  ionized  recoil  ions. 
First  evidence  of  this  effect  was  seen  in  line  shifts  of 
x-rays  following  a  heavy  ion  collision'.  In  1979,  Cocke' 
reported  the  direct  observation  of  highly  charged  He 
recoil  ions  produced  by  the  impact  of  1  MeV/amu 
C”,N ”,2”,F’°and  Cl11*  ions  on  a  Ne  gas  target.  The 
slow  recoil  ions  can  be  extracted  from  the  target  with 
electric  fields  and  because  of  their  small  initial  ki¬ 
netic  energy  (  <  10  eV  )  the  resulting  beam  can  have  a 
very  small  energy  spread.  Such  beams  are  very  useful  if 
precision  studies  of  transitions  in  the  highly  charged 
ions  are  to  be  done. 

We  would  like  to  report  here  first  results  obtained 
with  our  source  of  slow  recoil  ions.  The  experimental 
set  up  is  shown  in  fig.  1 .  The  apparatus  is  placed  at 
the  high  energy  end  of  the  Stanford  FN  Van-de-Graaff 
accelerator,  i.e  at  a  place  where  the  different  charge 
states  emerging  from  the  accelerator  are  not  yet  com¬ 
pletely  separated.  We  used  a  Br  beam  as  the  'hammer' 
for  producing  the  Ne  recoil  ions.  The  Br  beam  is  focused 
on  the  Ne  gas  jet  with  a  magnetic  quadrupole  doublet 
which  only  focuses  well  for  one  charge  state.  We  found 
Br”  at  an  energy  of  70  MeV  to  be  the  optimum  beam, 
significant  fractions  of  both  the  63  MeV  Br'*  and  the 
77  MeV  Br'”  beam  also  hit  the  target. 
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ion3.  The  recoiling  ions  are  accelerated  by  a  system  of 
parallel  grids,  focused  by  an  electrostatic  lens  and 
deflected  by  a  180°  magnet  similar  to  the  one  used  by 
Mann  et  al’.  The  recoil  ion  current  is  measured  in  a 
Faraday  cup. 

Fig.  2  shows  a  typical  distribution  of  the  differ¬ 
ent  charge  states  emerging  from  the  target  obtained  by 
varying  the  magnetic  field  in  the  magnet.  The  total 
accelerating  voltage  is  approximately  500  V  (including 
the  potential  difference  between  the  nozzle  and  the 
first  accelerating  grid).  We  have  measured  currents  of 
up  to  1  pA  of  Ne1”  and  up  to  600  pA  of  Ne”  with  an 
Incident  beam  of  less  than  100  particle-nA  of  Br. 

In  view  of  the  above  results,  we  are  now  starting 
to  investigate  possibilities  of  doing  optical  spectros¬ 
copy  on  H-  and  He-llke  Ne  by  measuring  the  spectrum 
after  the  Ne‘”  or  Ne”  ion  has  captured  an  electron  in 
a  Na  vapor  target  a  the  exit  of  the  160°  magnet. 


magnet  current 


FIGURE  2  Ne  recoil  Ion  current  (charge)  versus  mag¬ 
netic  field.  Note  changes  of  scale. 


FIGURE  1  Apparatus  to  extract  the  slow  recoil  ions 
from  the  gas  target  and  to  determine  the  resulting 
charge  state  fractions.  Ttie  3r  is  directed  out  of  the 
plane  of  the  paper. 
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Four  centimeters  upstream  from  the  target  the  incident 
beams  are  stripped  to  an  average  charge  of  18-  before 
impinging  on  the  target  ga3.  This  poststripping  signifi¬ 
cantly  enhances  the  production  of  highly  charged  recoil 
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PRODUCTION  OF  MULTIPLY  CHARCED  IONS  FROM  MOLECULAR  TARGETS  IN  HEAVY  ION  IMPACT 
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Recently  a  number  of  the  investigations  on 
mechanism  for  production  of  multiply-charged  recoil  ions 
in  energetic,  heavy  ion  impact  have  been  reported.  We 


have  already  reported  some  results  on  total  ionization 


cross  sections  by  heavy  ion  impact  including  He^+,  C^+, 
O8  ,  and  Ar^+  ions  and  partial  ionization  cross 


4+14+  1 

sections  by  Ar  -Ar  impact  at  1.05  MeV/amu. 


Following  these  works  on  atomic  targets,  we  extend 
our  measurements  to  molecular  targets.  In  the  present 


work  is  used  an  apparatus  similar  to  that  described 


previously.  Typical  charge  spectra  of  recoil  ions  from 
molecular  targets  in  1.05  MeV/amu  Ar^+  and  Ar^"*"  ion 


impact  are  shown  in  Fig.l.  In  these  spectra,  we  can  see 


a  number  of  peaks  corresponding  to  multiply-charged 


nitrogen  ions  including  a  weak  trace  of  N  ions,  as 


well  as  a  dominant  peak  of  ions  which  are  produced 


in  soft  collisions.  It  is  clearly  seen  from  these 


spectra  that  the  production  of  multiply-charged  atomic 


recoil  ions  such  as  N^+,  and  N^+  ions  are 


sigificantly  enhanced  with  increasing  the  projectile 


charge  q.  Unfortunately  it  is  impossible  to  identify 


7+  14 

the  naked  N  ions  as  N  gas  is  used  in  this 
1  7+ 

experiment,  though  a  small  amount  of  N  ions  might  be 


produced  in  the  present  collisions. 

It  is  interesting  to  compare  these  data  with  those 
in  electron  impact.  However,  very  few  measurements  of 
the  cross  sections  for  production  of  multiply-charged 


ions  from  molecular  targets  by  electron  impact  have  been 


reported.  N  ions  arc  the  highest  charge  state 

3 

.N  1  ..  _ .  .  _  J  4  —  ..  1 »•  — i  -  J  Tl _ I, 


directly  observed  in  electron  impact.  Though  no  direct 
comparison  can  be  made  as  the  collision  velocities  in 


both  projectiles  are  not  the  same,  it  is  found  that 


production  ratio  N^*"*/^*  ions  are  aPParcntly  similar  in 


both  collisions.  However,  the  production  of  atomic 


ions,  particularly  multiply-charged  ions,  is 

p  i  r>nf  f  J  ,<  'ir,.  1  n  » 


significantly  enhanced  in  Ar^  ion  impact.  Mechanismr 
responsible  in  production  of  multiply-charged  atomic 
i 3ns  from  molecular  targets  could  be  different  from 


those  in  single  atom  targets.  By  comparing  the 


collision  time  (10  s)  with  the  dissociation  time  of 
-14  -15 

molecular  ions  (10  -  10  s) ,  the  mul C ipl y-cha rged 

atomic  ions  (for  example  N8+)  are  thought  to  be  produced 


through  a  process  of  production  of  mul t iply-charged 


molecular  ions  (for  example  )  followed  by 


dissociation  into  two  atomic  ions  with  fairly  symmetric 


charge  (N^++  .  In  electron  impact,  only  singly-  and 


•  ■  •  «  .  »  «*  » **  *  »  -* 


doubly-  charged  molecular  ions  (N0  and  )  have  been 


observed  but  no  molecular  ions  with  higher  charge.  Even 


in  ion  impact,  no  trace  of  t riply-cha rge  molecular  ions 
(N2^+)  corresponding  to  M/e=9.33  is  seen  in  Fig.l.  This 
may  imply  that  the  life  times  of  these  multiply-charged 


molecular  ions  are  too  short  that  these  ions  are  not 


detected  even  though  these  ions  are  produced  in 


col lisions. 


From  this  discussion,  we  can  infer  that  the 


mul tiply-charge  atomic  ions,  for  example  N  the  highest 
charge  state  observed  in  the  present  work,  are  produced 
Via  the  following  dissociation  processes  of 
multiply-charged  molecular  ions: 


N211+  .  n6+ 


N2I2+  •  SW  +  Sh+  or 
N213+  .  n6+  +  n7+. 

Of  course  there  should  be  other  possibilities  for 
productions  of  these  multiply-charged  atomic  ions  as 
well.  To  understand  the  whole  mechanisms  for  production 
of  these  multiply-charged  atomic  ions  from  mnlecuiai 
targets,  it  would  be  necessary  to  measure  the  energy  and 
charge  distributions  and  possibly  the  angular 


distributions  of  two  dissociated  ions  in  coincidence,  fn 


addition  to  measurements  of  total  productions  cross 
sections  of  these  ions  ami  theoretical  invest igat ions  on 


the  level  schemes  and  thrir  life  times  of 


multiply-charged  molecular  ions  such  as  ^ 
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STORAGE  OF  HEAVY- ION  GENERATED  MULTIPLY-CHARGED  RECOIL  IONS  IN  A  RADIO-FREQUENCY  QUADRUPOLE  ION  TRAP 


C.S.  Of  R.T.  Snort,  S.D.  Berry,  S.B.  Elston,  M.  Breinig,  R.  DeSerio,  I. A.  Sellin,  and  B.  Thomas* 
University  of  Tennessee  and  Oak  Ridge  National  Laboratory 

D . A .  Church,  H.M .  Holzschei ter ,  and  R.A.  Kenefick 
Texas  A&M  University 


Mu  1 1  i  pi y-ch irged  recoil  ions,  produced  by  impact 
of  ’  Me«'-  u  ions  having  mean  charge  state  near 

t*n  with  targ*'»  gas,  wer*»  stored  in  a  radio-frequency 
qjadropoih  ion  trip.  The  radio- frequency  quadrupole 
ion  trip  w.u  mountPl  m  front  of  the  Penning  ion  trap 
on  tne  >RNL  EN  Tandem  uhv  beam  tine  [1].  The  heavy 
ion  b*am  passed  through  aperatures  in  the  trap  ring 
electrode  to  ionise  the  target,  gas  atoms  near  the  equatorial 
plane  of  the  ion  trap.  The  trap  was  operated  at  a 
trapping  RF  angilar  frequency  of  a  -  2w  x  8.U  MHz  with 
peak  amplitude  adjustable  to  over  one  thousand  volts. 
An  axial  motion  resonance  method  was  used  to  detect 
the  ions.  After  a  chosen  time  delay,  the  DC  voltage 
applied  to  the  ring  electrode  was  swept  to  successively 
bring  the  ion  axial  oscillation  angular  frequencies 
into  resonance  with  the  detection  frequency  i*>zo  -  2w 
x  280  kHz.  Both  neon  and  methane  were  used  as  target 
gases.  Neon  ion3  Ne^4  (2  S  q  S  8)  and  C94  [2  S  q  S  H) 
were  observed.  For  lower  charged  states  the  ions  of 
mas3  22  and  20  neon  isotopes  were  well  resolved.  The 
charge  state  of  the  stored  ions  was  also  Identified 

through  harmonic  radial  motion  resonance  removal  by 
exciting  the  parametric  resonance.  Different  combinations 
of  trap  operating  voltiges,  both  RF  and  DC,  were  used 
to  produce  a  mean  potential  well  depth  varying  from 
as  low  as  1  eV  up  to  about  100  eV  depending  on  the 
charge  state  of  the  ions.  Stability  conditions  were 

investigated  and  found  to  be  in  agreement  with  theoretical 
prediction.  Storage  times  of  the  stored  ions  were 

limited  by  charge  exchange  with  the  background  gas 
atoms.  Storage  times  of  over  one  second  were  realized 
for  NeJ4  and  C24  ions  in  target  gas  partial  pressures 
over  3  and  6  x  10"#  Torr,  respectively.  Experimental 

loss  time  constants  for  decay  of  the  stored  neon  ion 
number  were  measured  at  several  partial  pressures  of 
the  neon  target  gas.  The  charge  exchange  rate  constants 
so  obtained  were  in  good  agreement  with  earlier  measui — 
ements  in  other  types  of  Ion  traps  Ll,2], 

These  data  indicate  that  RF  traps  will  be  useful 
for  both  collision  and  spectroscopy  experiments  on 
multiply-charged  ions  at  low  energies.  The  advantages 
of  this  trap  type  arise  particularly  when  low  ion  energies, 
the  absence  of  a  magnetic  confining  field,  and  a  simplified 
introduction  of  external  beams  Into  the  relatively 
3mall  ion  confinement  region  are  desired. 
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ELECTRON  STRIPPING  CROSS  SECTION  FROM  MULTI -CHARGEO  IONS  BY  H  AND  He 
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Electron  stripping  cross  sections  for  energetic  high¬ 
ly  charged  C,  Ne,  and  Ar  ions  passing  through  atomic  hy¬ 
drogen  and  helium  target  are  calculated  using  the  method 
of  the  binary  encounter  approximation  ( BEA ) .  It  is  found 
that  the  stripping  cross  section  can  be  obtained  by  the 
plane-wave  Born  approximation'^  as  well  as  BEA  in  the 
case  of 

Li^  ♦  H — ►  Li^*  ♦  e  +  H(  £  ) . 

We  treat  the  electron  loss  process  of  multi-charged  ion 
q  + 

A  (atomic  number  2 , )  in  the  collision  with  a  neutral 

'2 ) : 

(q*  1 )♦ 


atom  B  (atomic  number 

^  +  B  — ft  ♦  e  ♦  „(  E  ),  <  I ) 

where  B(  YZ  )  means  all  possible  electron  states  of  B. 

In  the  process  of  electron  stripping  from  the  inter¬ 

action  of  electron  in  Aq+  with  nucleus  B  is  usually  screen¬ 
ed  by  the  surrounding  electrons.  In  the  present  paper, 
we  confine  ourselves  to  the  case  where  this  effect  can  be 
ignored,  i.e.  Z^  q.  For  the  time  being,  we  treat 
Z2  =  1,2  and  q  >  3  Zy 

The  process(l)  is  character ized  by  the  large  magni¬ 
tude  of  momentum,  transferred  to  the  electrons  in  the  ion 
by  collision  with  the  neutral  atom  B.  Such  collision 
with  large  momentum  trasfer  can  well  be  approx ima ted  by 
the  clascial  description  supporting  the  use  of  BEA.  An 
electron  in  A^  is  assumed  to  be  ejected  into  the  conti¬ 
nuum  if  the  energy  trasferred  to  the  electron  exceeds  its 
binding  energy  E . . 

The  momentum  distribution  f(p)dp  for  an  electron 
having  momentum  between  p  and  p  +■  dp  and  the  probability 
If(p)dp  for  finding  an  electron  in  this  momentum  range  at 
a  distance  r  from  the  projectile  nucleus  in  a  potential 
V(r)  are  both  obtained  by  the  Thomas-Fermi (TF)  model: 

r«P>  dr 

f(p)dp  I^_(p)dp  n(r)r  (p,E )— (p,E  )dE 


(2) 


dp 


and 

lr(p)dp  =  3  p2  dp/  p^ax 


P  <  P 
—  max 


(3) 


where  r(p,E)  is  determined  with  relation  (  p*V2m )  ♦  V(r) 

3  E  and  n(r)=*  (8  7T  /3h  )p^  (r)  is  the  number  of  elec- 

r  max 

t ron  per  unit  volume  at  r.  The  value  of  the  maximum 

momentum  p  is  given  through  the  TF  equation. 

max  ^  ^ 

When  we  define  ionization  cross  section  (T  (v,w) 

n 

in  the  laboratory  frame  tor  the  collision  between  a  nucleus 
with  a  velocity  w,  the  cross  section  CT„  '  v )  for  electron 
stripping  from  by  collision  with  the  target  nucleus 
is  defined  as 


(v)  3  \  (J^*^(v,w)  f(w)  dw,  (4) 

Jo  n 

where  f(w)  denotes  a  momentum  distribution  function  de- 

termined  in  eq.(2).  On  the  other  hand,  (X  (v,w)  for 

n  2,3) 

projectile  ion  is  derived  from  the  Vriens  theory 

We  have  carried  out  integration  in  eq.(4)  taking  the 
binding  energy  which  corresponds  to  each  electronic  states 
in  shell-structure  such  as  K- ,  L-,  or  M-shell.  In  the 
calculation  for  f(w)  in  eq.(2),  we  have  used  three  values 
of  the  K,  L,  and  M  shells,  i.e.  f^Cw),  ff(w),  f^fw).  The 
description  for  these  functions  f(w)  is  made  such  that 
the  integration  over  E  to  a  certain  E(p)  and  over  p  from 
0  to  00  in  eq,(2)  equals  the  number  of  electrons,  i.e.  2 
(q  I  ^  Zj-2)  and  1  (otherwise)  for  the  K-shell  electrons. 

The  caluculated  results  of  On  for  ♦  H 

are  shown  in  the  figure.  The  comparison  with  experi- 
q+ 

mental  data  for  C  is  also  made. 
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HIGH  RESOLUTION  MEASUREMENT  OF  KS  ANO  Ka  X  RAYS  FROM  33  MeV  Ar  IONS  IN  SOLID  TARGETS 
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We  have  been  measuring  K  X  rays  from  Ar  ions  passing 
through  various  solid  targets  with  high  resolution  to 
study  target  atomic  number  (Z2)  dependence  of  multiple 
inner-shell  ionization  process.  We  have  reported  that 
the  L-shell  ionization  probability  of  the  Ar  ions  ( P(_ ) 
at  the  time  of  the  Kx  transition  and  the  hypersatellite 
to  satellite  intensity  ratio  of  the  Ka  X  rays  depend  on 
Z2  systematically.^’  2) 

In  the  present  report,  we  present  the  result  of 
measurement  of  the  relative  intensity  of  the  KB  X  rays 
to  the  Ki  X  rays  as  a  function  of  Z £.  We  have  found 
that  the  ratio  has  a  dependence  similar  to  that  of 
P[_.  This  implies  that  the  electronic  transition  from 
the  outer  shell  is  affected  by  the  ionization  in  the 
L-shel 1 . 

The  experimental  set  up  is  the  same  as  that  reported 
previously;!’  2)  the  energy  of  the  incident  Ar  ions  from 
the  RIKEN  heavy-ion  linac  is  about  33  MeV  and  the  X  rays 
are  measured  by  a  broad  range  crystal  spectrometer.  The 
target  species  are  Be,  C,  Mg,  A1 ,  Ca,  Ti,  Cr,  V,  Fe,  Co, 

Ni ,  Cu,  Zn,  Y,  Nb,  Tb,  Ta,  and  Au.  In  order  to  assign 

the  L-shell  hole  numbers  (or  the  KB  satellite  peaks,  the 
result  of  energy  calibration  using  fluorescent  L-X  rays 
of  In  and  Sn  is  compared  with  the  estimated  values  of 
K.  transition  energies. 

The  L-shell  ionization  probability  at  the  time  of 
K<  transition  is  deduced  from  the  intensity  distribution 
of  the  Ki  satellites,  as  reported  previously,1’  ?)  and 
it  shows  oscillatory  dependence  on  Z2  with  the  first 
minimum  at  Z2  =  22  and  the  second  one  at  Z2 =45 .  This 
dependence  is  shown  in  Fig.  1(a),  where  the  ionization 
probability  is  denoted  by  P^Ka).  This  fact  is  described 
as  a  result  of  level  matching  between  the  L-shell  of  Ar 
ion  and  the  L  and  M  shell  of  target  atoms.2)  The  ioniza¬ 
tion  probability  at  the  time  of  K.-  transition,  Pl(KB), 
estimated  from  the  average  energy  of  the  KB  satellites 
is  shown  in  Fig.  1(b).  It  has  the  same  dependence  as 
that  of  the  P|_(K>)  on  Z2  at  small  Z2's  but  the  dependence 
is  not  clear  at  large  Z^'s.  The  first  minimum  of  P(_  is 
seen  in  both  K.  and  K.:  transitions  but  the  second  one  is 
not  clear  for  K.  one. 

Tho  intensity  ratio  among  the  K,  satellites,  Ka 
hypersatellites,  and  K;-  satellites  is  strongly  dependent 
on  the  target  species,  ihe  Z2  dependence  of  the  intensity 
ratio  between  Ki  satellites  and  the  Kx  hypersatellites 
has  been  discussed  previously. 1  ’  ^  The  Z2  dependence  of 
the  intensity  ratio  between  the  KI-  and  Ka  X  rays,  shown 


(RIKEN),  Hirosawa,  Wako,  Saitama  351-01,  Japan 

in  Fig.  1(c),  is  similar  to  the  Z2  dependence  of  the 
ionization  probability  PL(Ka)  shown  in  Fig.  1(a). 

This  may  be  explained  as  a  result  of  the  increase  in 
electron  capture  cross  section  to  M-shell  according  to 


Zn 


Fig.  1.  The  target  atomic  number  Zj  dependence 
of  (a)  probability  of  L-shell  holes  at  the  K.iX-ray 
emission,  (b)  probability  of  L-shell  holes  at  the 
KBX-ray  emission  and  (c)  intensity  ratio  between  Ar 
Kn  X  rays  and  Ka  X  rays. 


the  level  matching  and  increase  in  the  transition 
probability  of  the  K3  transitions  for  ions  with  more 
L-shell  holes  if  the  number  of  electrons  in  the  M-shell 
is  independent  of  the  number  of  L-electrons. 
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In  order  to  study  the  difference  in  ionized  states 
between  target  atoms  and  projectile  ions,  we  have 
measured  the  K  X  rays  from  the  Cu  ions  passing  through 
C  foil  and  that  from  Cu  target  atoms  excited  by  C  ions 
under  the  condition  that  the  relative  velocity  between 
the  target  atoms  and  the  projectiles  is  same. 

The  0.83-MeV/amu  Cu^+  and  C^+  ions  were  accele¬ 
rated  by  the  RIKEN  heavy-ion  linac  and  momentum  analyzed. 

2 

Targets  used  were  80  ug/cm  carbon  foil  for  Cu  ions 
and  0.22  mg/cm^  Cu  foil  for  C  ions.  The  Cu  K  X  rays 
were  measured  by  using  a  broad  range  X-ray  crystal 
spectrometer^  with  a  crystal  of  L I F (220 )  (2d  = 

2.848  A). 

An  estimated  value  of  the  average  charge  of 
2 1 

incident  Cu  ions  is  17.3+  and  Cu  ions  are  considered 
to  reach  a  charge  equilibrium  state  after  they 
traverse  the  carbon  target  of  a  few  ng/cm^. 


Cu  X-rays 

,  * 


0.83  M*V/»my 

Cu  ion  -  C 


Energy  (k«V) 


Fig.  1.  Spectra  of  Cu  K  X  rays  from  projectile 
Cu  ions  passing  through  C  foil  and  from  target  Cu 
foil  induced  by  C-ion  bombardment.  Fluorescent  Cu 
X  rays  are  also  shown  for  comparison.  The  incident 
energy  of  Cu  ions  and  C  ions  is  0.83  MeV/amu. 


This  means  that  if  a  Cu  ion  loses  its  electrons 
successively  from  low  to  high  binding  energies,  the 
ion  does  not  bear  L  vacancies  when  it  collides  with  a 
target  C  atom.  Therefore,  the  configurations  of  L 
and  K  shells  are  considered  to  be  nearly  the  same  for 
the  projectile  Cu  ion  and  the  target  Cu  atom.  On  the 
other  hand,  the  effective  charges  felt  by  a  projectile 
Cu  ion  from  a  target  C  atom  and  that  felt  by  a  target 
Cu  atom  from  a  projectile  C  ion  is  deemed  to  be  6+ 
when  a  K  electron  of  Cu  ion/atom  is  ionized.  The 
difference  between  the  spectra  of  Cu  K  X  rays  from 
the  projectile  Cu  ions  and  that  of  the  target  Cu  atoms 
reflects  mainly  the  density  effect  in  collision 
system. 

The  Cu  K  X-ray  spectra  obtained  from  Cu  ions  and 
the  Cu  target  are  shown  in  Fig.  1  in  comparison  with 
the  fluorescent  Cu  X  rays.  KLn  denotes  the  initial 
state  vacancy  configuration  with  single  K  and  n- 
multiple  L  holes.  Figure  1  shows  that  a  Cu  ion  has 
about  two  more  L  vacancies  than  a  target  Cu  atom  does 
when  they  emit  K  X  rays.  This  is  because  a  Cu  ion 
collides  successively  with  target  C  atoms  whereas  a 
target  Cu  atom  interacts  once  with  a  projectile  C 
ion  during  the  K  vacancy  exists.  When  a  projectile 
loses  one  K-electron  and  multiple  L-electrons  in  a 
collision  with  a  small  impact  parameter,  then  it  can 
collide  with  other  target  atoms  with  larger  impact 
parameters  and  captures  or  loses  outer  shell  electrons 
before  K  X  rays  are  emitted. 

Further  measurements  of  Cu  K  X  rays  from  both  the 
projectile  Cu  ions  and  the  target  Cu  atom  excited  by 
carbon  at  the  different  collision  energies  will  be 
reported  and  discussions  will  be  made  about  the  col¬ 
lision  process  or  the  state  of  the  Cu  projectile  and 
the  atom. 
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In  fast  heavy  ion  atom  collisions,  multiple 
-fertron  processes  i n< arpora f i ng  both  target  and 
itoitMt  lie  usual!-,  ilomin.it  i*  single  excitation  or 


innizat  ton  t  ea>  t  inns.  These  professes  can  be 
Hopaiateil  into  pute  multiple  ionization  (MI), 
e  I  ei  t  run  •  apt  ut  e  t*i  pt  «  jt*i  I  i  1**  elet  tron  loss 
.I*  <  ompan  i  i>d  Uv  MI  (PI  ot  l.I  ,  reapei  t  i  ve  1  v  )  . 

Tbeoret  it  at  intt'rfst  in  those  manv-bodv  problems 
grey  if.,  ent  tv  sin.  e  more  and  more  experiments  of  the 
total  production  cross  sections  ol  recoil  ions  bv 
he.tvv  i  on  imp.-*'  t  have  been  performed  and  have  shown 
that  Mi»hl\  chat  ged  target  ions  are  created  with 
\er\  large  cross  sections.  Already  from  these  total 
4  r<i.ss  '.•(•c  t  ion  experiments  a  strong  influence  of  the 
different  impact  parameter  dependenc ies  of  pure  Ml, 

«  I  and  l.I  have  been  derived  (see  e.R.  refs.  1,2). 
bet  ailed  tests  of  the  theoretical  Concepts  current  lv 
available  -  as  e . g .  the  statistical  model  can  be 
made  on  1 v  bv  comparison  of  impact  parameter 
dependencies  rather  than  cross  sections.  Therefore, 
we  have  measured  tile  scattering  angle  (or  impact 
parameter)  dependence  of  the  multiple  ionization 
probability  F'***<0)  as  well  as  P  *(0)  and  (0) 
in  collisions  of  15  MeV  with  Ne  and  Ar  . 

The  multiply-charged  recoil  ions  were 
charge-state  analyzed  bv  a  t ime-of - f 1 i ght  technique 
and  measured  in  coincidence  with  the  magnetically 
charge- st at  e-ana  1 vzed  projectiles  scattered  bv  an 
angle  9  perpendicular  to  the  magnetic  deflection 


plane.  The  detection  of  the  projectiles  was 
performed  with  a  position-sensitive  channel  plate 
detector  with  a  bow- t ie-shaped  aperture.  To  measure 
the  extremely  small  scattering  angles  involved  in 
such  collisions  (5-10  ^  -  10  ^  rad)  a  very  tight 
colllmation  of  the  beam  was  necessary  resulting  in  a 
collimation  length  of  7m  before  the  target,  a  beam 
spot  diameter  of  below  0.2mm  and  a  flight  path  of  the 

projectiles  of  7m  downstream  of  the  target  region. 

In  qualitative  agreement  with  the  statistical 
model  a  shift  of  the  maximum  in  the  recoil  ion 
production  probability  Pq<0)  towards  larger  projec- 
t  lie  scattering  angles  with  increasing  recoil  ion 
charge  state  q  was  observed  (Fig.  1).  However ,  at 
large  6  (small  impact  parameters),  deviations  from 
this  model  are  observed  since  the  Pq(0)  do  not 
d«*r  t  ease  rapidly  to  zero  as  would  be  predicted  by  the 
statistical  model. 

This  work  was  supported  by  the  V .  S.  Department 
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Fig.  1:  Scattering  angle  dependence  of  the  'ultiple  ionization  accompanied  by  double 
electron  capture  for  15  MeV  — *  Ne. 
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MULTIPLE-ELECTRON  PROCESSES  IN  H+  +  (He.Ne)  COLLISIONS  AT  300  keV 
Richard  L.  Recker 

Physics  Division,  Oak  Ridge  National  Laboratory*,  Oak  Ridge,  TN  37831  USA 


Pauli  exchange  terms  (PET's)  play  an  important  role 
in  the  Hartree-Fock  Independent-Fermi-particle  model 
(IFPM)  of  atomic  structure,  but  are  usually  neglected  in 
ion-atom  collisions.  We  have  developed  the  IFPM  formula¬ 
tion  of  collision  theory  over  the  past  few  years.1  It 
was  applied  first  to  close  collisions:  (a)  K-va cancy 
production  in  coincidence  with  charge  transfer,2  in  which 
the  PET's  strongly  correct  the  single-particle-model 
(SPM),1*3  leading  to  a  cross  section  close  to  that  of  the 
single-electron-transition  (SET)  model  i1*'3  and  (b)  KmLv 

multiple-vacancy  distributions  for  K  satellites  (m  =  1) 

a 

and  hypersatellites  (m  =  2) ,  where  the  sum  of  PET's  is 
small  because  of  a  tendency  toward  random  phases  in  the 
transition  amplitudes5  so  that  the  distributions  are  de¬ 
termined  by  the  mean  L-shell  vacancy  per  electron,  p|mL 

More  recently  we  have  applied  the  IFPM  to  more  distant 
collisions,  corresponding  to  coincidence  measurements 
(summarized  in  Ref.  6)  of  the  final  projectile  and  target 
charges,  in  which  target  K-shell  vacancies  are  not  detec¬ 
ted.  The  calculations  were  done  with  the  coupled- 
channels  method  in  the  single-center-expansion  approxi¬ 
mation  (see  Ref.  2)  or  with  our  "one-and-a-half  center" 
expansion  (OHCE).7  The  cross  sections  will  be  denoted6 
by  o  -y  where  q  and  q'  are  the  initial  and  final  ionic 
charges  of  the  projectile  and  v  is  the  final  number  of 
vacancies  in  the  target.  We  also  define  cross  sections 
for  inclusive  electron  ejection. 
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They  have  suggested  that  the  cross  sections  differential 
in  Eg  could  give  information  on  the  impact -parameter  de¬ 
pendence  nf  the  transition  probabilities,  and  proposed 
that  ejection  at  energy  E^  comes  predomi nantly  from 
b  »  hVp/(I+E{),  where  I  is  the  ionization  potential. 

We  have  calculated  the  impact-parameter  dependent 
IFPM  probabilities  for  all  of  the  above  processes.  The 
PET  terms  are  important  for  all  transitions  involving 
charge  transfer.  Integration  over  b  gives  good  agreement 
with  measured  o1Q,  oe  ,  and  the  cross  section  for  noo-v- 
weighted  vacancy  production,  oM  +  o1().  In  neon  our  K  - 
satellite  p^  value,  0.1D0,  is  close  to  the  experimental 
0.106.1  The  impact-parameter  dependence  suggests  that 
electrons  of  high  energy  E^  correspond  to  values  of  b 
larger  than  those  of  the  equation  above  by  factors  of 
two  or  more.  T.al cul at i ons  for  argon  are  in  progress. 
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N 

sinqle-electron  capture,  aIQ  =  l  ol0v.  and  non-capture 

v  =  l 
N 

("direct'')  ionization,  on  =  J  au  ( N  =  2  for  He  and 

v  =  l  v 

R  for  Ne ) . 

Hippier  et  aj_.e  have  measured  the  energy  and  angle 
of  an  ejected  energetic  ("6")  electron  in  H+  *•  (He.Ne.Ar) 
at  300  keV  together  with  the  final  charge  v  of  the  re¬ 
coiling  target,  obtaining  values  of 
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for  v  a  2  and  3(Ne)  relative  to  v  s  1.  Additional  un¬ 
published  work  in  which  q'  Instead  of  v  is  treasured  gives 
the  ratio  of  ejection  plus  transfer  to  total  ejection, 
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GENERATION  OF  CONTINUUM  PSEUDOSTATES  FOR  COUPLED-STATES  CALCULATIONS  OF  ION-ATOM  COLLISIONS 

A.  L.  Ford  and  J.  F.  Reading 


Physics  Department,  Texas  ASM  University,  College  Station,  Texas  77843  USA 


Ji agonal i zati on  of  the  target  atom  haniltonian 
hy  in  a  finite  square-i ntegrabl e  Oasis  gives  a  dis¬ 
crete  set  of  eigenfunctions  that  represent  the  lowest 
few  target  pound  states  and  provide  a  discrete  represen¬ 
tation  of  tne  ionization  continuum.  We  have  previously 
shown  that  K-shelt  ionization  probabilities  and  cross 
sections  for  ion-atom  collisions  can  be  calculated 
accurately  by  using  this  discrete  set  of  pseudostates  in 
coupled-states  calculations,  at  collision  velocities 
near  the  K-shell  orbital  velocity.'  These  calculations 
jsed  tne  independent  particle  model  model  and  either  a 
hydrogenic  'f or  one-electron  systems)  or  a  Hartree-Fock 
target  atom  potential.  We  have  recently  used  similar 
two-electron  continuum  pseudostates  to  calculate  excita¬ 
tion  and  single  ionization  cross  sections  in  correlated 
two-electron  collision  systems.2  Such  calculations  are 
in  excellent  agreement  with  both  experiment  and  Born 
calculations  of  Bell  and  Kingston  done  using  explicitly 
correlated  wavefunctions  for  high  energy  p+He 
col  1 isions. 

At  lower  collision  velocities  we  have  found  that 
pseudostates  generated  by  di  agonal  i  zat  ion  of  Hj.  are 
inadequate.  At  low  collision  velocities  the  transition 
matrix  elements  depend  critically  on  the  slope  of  the 
wave  functions  near  the  target  nucleus,  and  in  the 
diagonal  ization  of  this  region  of  coordinate 
space  receives  insufficient  weight.  The  problem  is 
solved  by  diagonalizing  powers  of  H..  For  a  hydro¬ 
genic  target  potential  we  compare  our  continuum  pseudo¬ 
states  from  di  agonal  i  zation  of  various  powers  of  H^. 
to  exact  continuum  Coulomb  wave  functions,  and  show  the 
improvement  obtained  at  small  distances  due  to  diagonal- 
ization  of  higher  powers  of  H^.  Comparison  between 
cross  sections  from  the  exact  hydrogenic  PWBA  and  our 
Born  calculations  with  pseudostates  shows  the  dramatic 


improvement  in  cross  section  accuracy  obtained  at  low 
collision  velocities  when  di agonal ization  of  higher 
powers  of  is  used. 

Diagonal ization  of  powers  of  has  also  been 
implemented  for  Hartree-Fock  target  potentials  and 
appl'ed  to  coupled-states  calculations  of  ion-atom  colli 
sion  ionization  cross  sections  at  low  collision  ener¬ 
gies  .3  Such  calculations  are  used  to  test  current  models 
of  Coulomb  deflection,  target  recoil,  and  increased  bind 
ing;  inaccuracies  in  the  widely  used  Brandt  model  are 
indicated. 

Finally,  di  agonal  i  zation  of  powers  (H^.-E)  has 
been  used  as  part  of  a  new  method  for  solving  the 
electron-ion  scattering  problem,  for  the  purpose  of 
separating  two-electron  continuum  pseudostates  into 
single  and  double  ionization  components.  Results  of 
application  of  this  method  to  p+He  and  e’+He  collisions 
at  high  collision  velocities  will  be  given. 

This  work  was  supported  by  the  NSF  under  grant 
PHf-8407263  and  by  the  Texas  ASM  CEMR. 
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THEORY  OF  EQUILIBRIUM  CHARGE-STATE  DISTRIBUTIONS 

T.  Aberg*,  A.  Blomberg*  and  0.  Goscinski+ 

^Helsinki  University  of  Technology,  SF-Q2150  Espoo,  Finland 
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The  variation  ot  the  charge  distribution  of  ions 
penetrating  through  gases  is  usually  described  by 
a  svstem  of  master  equations  involving  cross-sections 
ot  a!!  relevant  charge-changing  processes.  Since 

amotion  or  these  quantities  for  many-elect ron 
it  ' s  scarce,  this  approach  does  not  allow  for 

.i  : \,it  i on  ot  the  equilibrium  distribution  P(q). 

2 

t  r ev  i ,  using  information-theoretical  arguments4" 

an:  a  statistical  analysis’^  P(q)  has  been  shown  to 

te  we.;  described  by  either  a  distribution  normal 

it.  . n(  (j+2 .)  (the  lognormal  distribution)  or  the  gamma- 

distribution  m  q+2,  the  x~“distr ibut ion  also  used 

4 

h*.  baud i net -Robinet  et  al  .  The  former  corresponds 
t  •  cases  with  heavy  projectiles  and  targets  in  which 
both  multiple  electron  capture  and  loss  are 
appret.  iah  le ,  “ 


For  a  belter  understanding  of  the  origin  and 
implications  of  these  d i st r i but i  ms  it  is  necessarv 
t  consider  the  under ly;ng  microscopic  processes 
more-  i r.  detail  than  previously.  The  basic  assumption 
leading  to  a  lognormal  distribution  is  that  the  random 
variable  X  in  each  single  process  obeys 


where  all  the  variables  m  j  have  the  same  probability 
distribution  P^  {’  ).  The  resulting  asymptotic  ( i-*or  / 
s-lution  is,  however,  r*.  t  stationarv  since  the  variance* 
becomes  infinite. 


It  one  <  ..usider  proi  esses  with  either  oiilv  increase 
(ri .  M  , )  <>r  o  r  1 1  v  decrei^e  ( r  ►  of  X  and  imposes 

boundaries  or.  X  ( \>  th"  st«>c  hast  if  process 

has  a  stationarv  distribution  given  bv 

F  (  y  i=-  f  •  1  .r  *  (  x  -x  >*  t  ’  I  *  ft  he  ;  ar. arret  et  s  ;>,»  ■  >'  , 


rtSt*  "t  i'h-at- 


F.;.  *  it  h 


; .  v  electron  ■  s.-.  or  -  <  r .  1  •.  t  r  •  *  ipture.  *  ne 

.{  orm.it  i  or.-!  heoret  k  a  I  der  i  v  at  i  ■  F  '  x  >  «*..»-»  tit 

we.|  as  ar.  a  [;r  i'i  i  d  l  st  r  i  but  i  •  de-.  riki:.g 


The  simplest  wav  to  take  into  .ncunt  h<*t 
and  loss  processes  is  to  introduce  a  small 
cor  re!  at1  dependent  on  \  ^  _  j  in  Fq.  (11,  i  .*  . 


where  f(X^_j)  is  some  function  of  X^_j.  In  terms  of 
v^«lnx.  Eq,  (2)  becomes 

Y.  , 

iV.  .  lnf(e  )  +  In  ri  .  (3) 

Replacing  the  collision  index  i  by  a  continuous  time- 
variable  t  Eq  (3)  takes  the  Langevin  form5 

=  lnf(e')  +  F(t)  +  m  (4) 

dt 

where  F(t)  is  white  noise,  and  m  is  the  average  of 
In  m  .  .  The  corresponding  stationarv  Fokker-Planck 
solution  for  X  is 


CAr  -  (M  x  i  *-  X  x*(m+lnf  {x' ))  , 

P*(x)  =  (l/x)exp!“  ;  — - ;  ox 


whore  Z  is  the  variance  of  In  ^  j .  Uithout  correlation 
( f ( x  )  = 1 )  P^  ( x )  is  recovered,  the  lognormal  distribution 

is  obtained  for  f(x)  =  x  ‘  ( 0-  j  '  '  M ,  whereas  f(x)  =  e  * 

vields  the  gamma  d 1 st r ; but  ion .  Thus  the  problem  has 

been  reduced  t<<  the  determination  of  the  <  wrelat  i ->n 

function  f(x)in  Kq,  (2i  from  single -<•-!!:  s  ion  d\  name  s. 

Defining  Z  ,=X  .  f(X  .  >  ir,  Eq.  (j-  irq  d  m  <  that 
l-l  i-l  i-I 

the  probability  P( x  'x  .)  t  »r  a  charge-slate  transition 

1  i  i  - 1 


from  x  ,  to  x  i:i  a  single 

1-1  u 

P(  x  1  x  .  1  =  /  ,  P  ,  (  X  /  ,  ! 

1  1-1  1-1  r  1  1-1 

pr</bab  i  1  1 1  v  dens  1 1  v  .  Th  i  s  f  : 
ex  per  i  merit  s . 
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ANOMALIES  IN  THE  FINAL-CHARGE- STATE  DEPENDENCE  OF  FOIL- EXCITED, 
FAST  HEAVY  RYDBERG  ATOMS* 

W.  Koenig,**  A.  Falbls,**  E.  P.  Renter,**  D.  Maor,*  I.  Pleeeer,* 
J.  Sokolov,*  B.  J.  Zebrensky,**  and  2.  Vager* 
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Physics  Division,  Argonne  National  Lab.,  Argonne,  TL  60439 
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Studies  of  foil-excited  fast  (MeV/amu)  heavy  ions 
have  demonstrated  large  yields  of  high-n  Rydberg  atoms 
formed  in  such  beams.  In  an  effort  to  better 
understand  these  results,  we  have  measured  the  yields 
of  Rydberg  a  toms  (n  -  100-200)  in  foil-excited  ^2S  and 
2»Sl  beams  at  incident  energies  of  3.9  MeV/amu  (S,  Si) 
and  3  MeV/amu  (Si).  Targe t- thickness  (2  yg/cm2-140 
ug/cm2)  as  well  as  both  final  and  incident  charge-state 
(9+-16+  for  32S,  7+»I4+  for  Si)  dependences  were 
measured.  The  Rydberg  atoms  were  field-ionized  in  a 
longitudinal  electric  (stripper)  field  and  the  detached 
electrons  were  detected  in  coincidence  with  the 
remaining  charge-state-analyzed  ionic  cores.  The 
stripping  field  was  preceded  by  another  longitudinal 
(cut-off)  field  and  a  transverse  (clean-up)  field. 

This  arrangement  permitted  definition  of  independent 
lower  and  upper  limits  for  the  range  of  main  quantum 
numbers  (n)  for  the  detected  Rydberg  atoms. 

The  experiments  show  that  the  production  proba¬ 
bility  of  foil-excited  Rydberg  atoms  depend  strongly  on 
the  mean  core  charge  within  the  target  which  varies  as 
a  function  of  the  incident  charge  state  (for  thin 
targets)  and  target  thickness  (for  non-equilibrium 
incident  charge  states).  The  dependences  on  the  target 
thickness  and  on  the  final  charge  state  -in  particular 
for  thick  targets-  are  less  pronounced  (see  FIGURE 
l).  These  features  show  the  Importance  of  bulk 
processes  over  surface  effects. 

Reside  the  above  mentioned  general  trends,  certain 
charge  states  exhibit  a  rather  anomalous  behaviour. 

For  ^2S  the  production  probability  for  ^ f in* 1  “  14+ 
Increases  much  more  rapidly  with  target  thickness  than 
the  q-averaged  probability.  It  does  not  show  any 
saturation  even  at  100  ug/cm2  where  it  is  nearly  a 
factor  2  above  the  mean  probability  (see  FIGURE  l).  On 
the  other  hand  for  the  thinnest  targets  the  Rydberg 
production  probability  for  ■  13+  is 

signi f icantly  lower  ( -  factor  2)  than  for  the 
neighboring  final  charge  states.  This  effect  vanishes 
completely  for  thicker  targets  (see  FIGURE  l).  Both 
anomalies  are  Independent  of  the  incident  charge  state 
(9+  or  13+).  For«2fiSl  a  similar  behavior  (although 
less  pronounced)  appears  for  ions  with  the  same  number 


of  core  electrons  indicating  the  importance  of  shell 
effects.  Possible  explanation  of  these  effects  (e.g. 
excitation  mechanism  Into  Rydberg  states  following 
cascade  processes  or  core-charge  changing  e"-emisaion 
of  the  foil-excited  ions)  will  be  discussed. 


12  13  14  15 

CORE  CHARGE  STATE 


FIGURE  l  Production  probability  P  of  foil  excited 
Rydberg  atoms  (n  -  100-200)  as  a  function  of  the  final 
charge  state  of  the  ion  core.  The  Incident  beam  was 
3.9  MeV/amu  -*2S*^+  on  cart>on  targets  with  thicknesses 
of  100  yg/cm2  (o)  and  2  ug/cm2  (+-).  The  full  line 
shows  a  fit  to  the  data  points  assuming  P  9finai 
m  »  -0.8  ±  0.2  (100  ug/cm2)  and  m  -  IA  ±  0,3 
(2  ug/cm2).  The  data  are  not  corrected  for  the 
dependence  of  the  ionization  thresholds  on  the  final 
charge  state.  The  corrected  m-values  are  +0.7 
(100  ug/cm2)  and  2.9  (2ug/cm2)  respec t Ive ly . 

Work  supported  by  the  U.  S.  DOF,  Office  of  Basic 
Sciences  under  Contract  W-31- 109-ENC-38 . 
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X-RAY  PRODUCTION  WITH  ATOMIC  AND  MOLECULAR  BEAMS  IN  THIN  FOILS 

E.  Morenzoni,  P.  Fumagalli,  G.  Bonani,  W.  Wolfli 
Institut  f Ur  Mittelenergiephysik ,  ETH-Ziirich,  CH-8093  Zurich-Honggerherg,  Switzerland 


X-ray  production  by  atomic  beam  bombardment  has 
been  studied  intensively  over  a  wide  range  of  projectile 
energies  and  for  various  projectile-target  combinations, 
whereas  there  have  been  few  investigations  with  molecu- 
1-2  . 

lar  beams  .  When  a  fast  (MeV)  molecule  penetrates 
a  thin  foil,  the  valence  electrons  are  immediately 
stripped  and  the  molecule  breaks  up  (Coulomb  explo¬ 
sion)^.  Due  to  the  Coulomb  repulsion  the  molecule 
fragments  begin  to  depart  from  each  other,  but  for 
sufficiently  small  times  after  the  molecule  entrance 
in  the  target  they  remain  spatially  and  temporally 
correlated.  The  vicinity  of  the  molecule  ions  has 
been  found  to  manifest  itself  in  several  ion-atom 
interaction  processes.  For  instance  the  electron  loss 
per  atom  is  generally  larger  for  molecules  than  for 

4 

atoms  having  the  same  velocity  .  This  implies  that  the 
clustered  ions  behave  at  small  internuclear  distance 
with  an  effective  charge  number  larger  than  that  of 
the  atomic  ions.  Since  inner-shell  ionization  depends 
quadrat ical 1 y  on  the  projectile  nuclear  charge  (Z  ) 
and  electron  capture  on  the  fifth  power  of  Zp  ,  on*' 
expects  the  target  X-ray  production  to  be  enhanced 
by  the  passage  of  projectiles  in  the  form  of  closely 
correlated  clusters.  On  the  other  hand  the  larger 
energy  loss  per  atom  experienced  by  clustered  projec¬ 
tiles  should  reduce  the  X-ray  yields.  The  penetration 
of  clustered  projectiles  in  thin  foils  influences  more 
sensitively  the  ionization  of  electrons,  whose  orbital 
radius  r  is  at  least  of  the  order  of  magnitude  of  the 
mean  interatomic  distance  R  in  the  exploding  molecule. 
Also  the  time  ut=R/v  (v:  projectile  velocity)  which 
is  the  time  difference  between  the  passage  of  two 
molecule  fragments  should  be  comparable  to  or  smaller 
than  the  orbit  time  T=l/, 

In  order  to  study  the  role  played  by  different 
cluster  effects,  we  measured  the  low  energy  X-rnvs 
produced  in  collisions  of  C,  C2.  C3  projectiles 
impinging  on  thin  M  and  Au  targets  of  different 


thickness.  The  projectile  energy  ranged  from  1  to 
II  MeV.  With  the  target  thickness  the  maximum  inlet  - 
ionic  distance  reached  by  the  molecule  fragments  in¬ 
side  the  foil  could  be  controlled.  We  present  results 
of  X-ray  production  cross  sections  for  atomn  and  mo¬ 
lecular  beams  at  the  same  velocity  and  .1  comparison  of 
these  results  with  different  theoretical  predict  ions 
for  inner-shell  ionization. 
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A  NEW  VARIATIONAL  TREATMENT  OF  DIRECT  EXCITATION  OF 
ATOMS  BY  BARE  NUCLEI  AT  INTERMEDIATE  VELOCITIES 
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Universite  de  Bordeaux  I,  33405  Talence,  France 


The  well  known  Schwinger  variational  amplitude 
between  states  a  and  3  of  a  system 

T  ,  -  S  <  i  V  s  i  >  (D*1)..  <  j  !  V  I  a  > 

>.  i  J 

D.  .  *  <  j  i  V  -  V  g1  V  |  i  > 
i  J  T 

is  used  in  the  impact  parameter  formalism  for  the  exci¬ 
tation  of  hydrogenlike  ions  by  bare  nuclei  at  interme¬ 
diate  velocities*.  The  target  propagator  is  evaluated  on 
the  target  ei gen funr  r  ion  basis  set  hereafter  limited  to 
Is...  5g.  As  a  check  of  the  method,  differential  and 
total  cross  sections  for  excitation  of  the  n  «  2  level 
of  H  atoms  by  H  impact  is  calculated  and  compared  with 
experimental  data*-  and  previous  theoretical  results  of 
Bransden  and  Noble  (BN)  and  Shakeshaft  (S).  Our  results 
(referred  to  as  BG)  are  obtained  by  limiting  the  interme¬ 
diate  states  i  and  j  to  the  target  states  Is*  2s,  2pQ, 
2p^  j  .  The  first  (Bl)and  second  (BII)  Born  approximations 
are  obtained  as  by-products  of  our  calculations.  The 
variational  procedure  makes  T^  converges  very  fast  on 
i  and  j.  A  reasonable  convergence  is  found  on  the  basis 

used  to  evaluate  the  propagator. 
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SCATTERING  ANGLE  ( ) 0~ 3  RADIAN)  IN  THE 
CENTRE  OF  MASS  FRAME 


FIGURE  2  -  Same  legend  as  figure  I  but  the  laboratory 

H  pnorcrv  I  c  lOO  VoV 


SCATTERING  ANGLE  (10~3  RADIAN)  IN  THE 
CENTRE  OF  MASS  FRAME 


FIGURE  1  -  Excitation  of  H  (n  *  2)  by  50  keV  H 
impact 

Experiment^  ^  -  Theory  :  BG  -  ; 

BN - ;  S - ;  BI - ; 


Our  results  agree  well  with  previous  data,  which 
gives  confidence  in  further  applications  to  direct  exci¬ 
tation  collisions. 
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DIRECT  EXCITATION  OF  400  MeV  -  Fe'  BY  BAH!  MUM  oK 
FVIDF.NCE  FOR  FINITE  LIMITS  OF  CROSS  SECTIONS  WHEN 


B.  Brendle  and  R.  Cayet 


Laboratoire  des  Collisions  Atorri<[ues  (KR  2hu  do  CNRS) 


Uni vers ite  de  Bordeaux  I,  VUOa  lalence,  France 


The  variational  method  of  Brendle  and  Gayet,  deri  • 
ved  in  the  impact  parameter  formalism^,  is  applied  to 
the  excitation  of  hydrogenlike  ions  by  bare  nuclei.  The 
long-range  projectile-target  Coulomb  interaction  which 
does  not  contribute  to  the  transition  is  omitted.  Thus 
the  true  perturbing  potential  is 
ZT> 

-)  - 


V  =  ( 


Vi 


V 


w » 


=  z„  < 


-) 


R-X  R-X 

where  R  is  the  internuclear  distance  and  X  the  distance 
between  the  electron  and  the  target  nucleus.  Z  and  Z.{. 
are  respectively  the  projectile  and  target  charges.  The 
amplitude  of  transition  from  the  state  x  to  the  state 


Ji 


j 


i  -  (D  ).. 


v  cT  V 


here,  i  and  j  are  eigenfunctions  of  the  unperturbed  targe  t 
hami 1 tonian,  including  x  and  •  .  In  the  straight  line 
impact  parameter  formalism,  it  is  easilv  seen  that,  for  a 
given  target  and  a  given  transition  at  a  given  impact 
velocity,  matrix  elements  *  j  V  i  ^  V  i 

and  ■  j  Y  t  >  are  exactly  %  7p  while  matrix  elements 

.  + 

<  j  V  V  i  >  are  exactly  x  Z*  These  scaling  laws  arc 


noticeable  computational  advantages  of  our  method.  It 
turns  out  that  when  7.p  is  large  enough,  U»  V  .  is  *  7.^ 


•  J 


Then  admits  a  finite  limit  when  7y  *  •  .  As  a  result 


differential  and  total  direct  excitation  cross  sections 
tend  to  be  constant,  as  functions  of  Zj)t  when  Z^  *■  ■  .  This 


important  conclusion  holds  as  long  as  the  straight  line 
f  ’  *  ™T  . . . * - - - - 


PROJECTILE  CHARGE  Z 


of  Fe^~*  for  n  : 


FIGURE  I  -  Excitation  cross  section  of  the  sublevels  n- 

and  «  =0,1. 

-  ni  *  2p  :  Experiment"  -  Theory  :  present  results 

-  ;  first  Born  approxim.it ion  -  •  - 

-  ni  *  2s  :  Present  theoretical  results  :  -  -  - 
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PROJEC'l  11.1  CHARGE 


FIGURE  2  -  same  legend  as  figure  1  but  n  =  1 
| experiment"  for  n»  *  Ip 

impact  parameter  approximation  is  valid.  I he  situation  is 

illustrated  hv  the  collision  : 

Fe~^  +  ( )  4  Z  *  Tv"*  Ms,  npl  4 
P  , 

Experimental  data’  were  obtained  for  n  =  2,  <•  The 

24  + 

1l"  ions  impinge  on  various  atoms  of  nncKur  charges 
2t)  <  2^  .it  a  laboratory  energy  of  4t)o  McV  (intermediate 

velocity  rc«\r\ .  Hec.mse  of  the  small  ri  i.itive  vel'jcitv, 

2  i  + 

hrv’i-t  excitation  of  Fe  by  the  ator.n  electrons  is  ver* 
n  •  i  k  « • 1  v  .  i  .  Li.t  ;  ,  .ue  K  s' ell  IT  is  .  o  r.par  t  enough 
to  .  '-iisia  r  t  fa  t  exci'ation  is  ■ 1  n !  v  due  to  the  nuclear 
■  f  iar.*e  If.  "ir  calculations  tlie  orbitals  of  IV*  are 

considered  as  Jr. d rogenl  ike  orbitals  around  a  charge/  •  2*> 


Se  f 


states  .  and  j  are  Is,  ns,  np  ,  np  for  the 


excitation  ot  the  ns  and  nr  subshells  <n=  2,  1 1 .  Hu-  state- 
n.  with  n  =  and  .  =  i',  I,  2  are  used  to  expand  the 

propacafi-r.  The  upper  limit  predicted  hv  o-.ir  thiorv  is 
clearlv  confirmed  hv  the  - eas arement s .  Tht  first  Horn 
approximation  gives  reasonable  results  onlv  for  2,  •-  ^ 

where  the  matrix  elements  •  j  Y(.f  V  i  are  negligible  wit' 
respect  to  ■  ]  V  i  .  Thus.  e>.c  :  tat  ion  cross  sections  arc 
i  V  when  2 
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THEORY  OF  THE  EXCITATION  OF  HIGHLY-STRIPPED  PROJECTILE  IONS 


U.  Thumm,  J.S.  Briggs  and  0.  Schoiler 


Fakultat  fur  Physik,  University  of  Freiburg,  W.  Germany 


The  standard  non-relativistic  first  Born  theory1  of 
projectile  excitation  in  collision  with  a  neutral  tar¬ 
get  atom  considers  the  separate  influence  of  target  nuc¬ 
leus  and  target  electrons  upon  the  projectile  electron 
to  be  excited.  Normally  the  electron-electron  exchange 
interaction  and  the  nuc leus-nu  •  leus  interaction  are  neg¬ 
lected.  This  approximation  and  the  assumption  that  the 
target  atom  remains  undisturbed  in  zeroth-order  approxi¬ 
mation  limits  the  validity  of  the  tirst  Born  approxima¬ 
tion  to  collision  speeds  v  greater  than  tne  orbital 
speeds  of  the  electrons  involved.  Roughly  speaking,  this 
requires  tii.it  the  ratios  Z^/v,  Z^/v  both  be  small,  where 
Zj(,  Ej,  ^  re  the  e  f  f  e  c  t  i  ve  nuclear  charges  felt  by  the 
electrons  taking  part  in  the  collision.  For  light  targets 
and  loosely-bound  projectile  electrons  this  condition  is 
not  difficult  to  achieve,  however,  increasingly,  projec¬ 
tile-electron  excitation  is  observed  under  conditions 
where  Zp/v  is  not  small  for  non-relativistic  velocities 
and  so  for  these  cases  the  existing  first  Born  formula¬ 
tion  is  never  valid.  When  >  ■*  Z^.,  i.e.  one  is  concerned 
with  excitation  of  inner-shell  electrons  on  highly- 
stripped  projectile  ions  in  collision  with  light  neutral 
targets,  then  a  consideration  of  the  effect  of  the  target 
atom  on  the  projectile  electron  to  first  order  is  valid 
but  it  is  not  valid  Co  assume  chat  the  target  atom  is  un¬ 
disturbed  by  the  projectile  Coulomb  field.  Rather  the 
target  atom  will  be  strongly  polarised  by  the  projectile 
field.  At  large  distances  the  distortion  is  a  direct  po¬ 
larisation  effect  which  can  be  represented  by  virtual  ex¬ 
cited  states  ot  the  target  itself.  By  contrast  at  short 
distances,  "exchange”  polarisation  is  more  important, 
where  the  target  electron  occupies  virtual  states  of  the 
projectile.  In  t ho  limit  7.^  ->  7^  the  latter  effect  is 
more  important.  A  strong  potential  expansion  of  the  4-bo¬ 
dy  (two  colliding  one-electron  ions)  Coulomb  collision 
problem  has  been  made  in  which  the  distortion  of  the  tar¬ 
get  electron  to  all  orders  in  the  projectile  potential 
occurs  but  projectile  excitation  occurs  by  a  single  in¬ 
teraction  with  target  nucleus  or  electron.  The  main  re¬ 
sult  is  that  the  transition  matrix  element  for  simulta¬ 
neous  excitation  of  the  projectile  and  target  from  ini¬ 
tial  states  i  to  final  states  f  is  given  by 


Tf  .  *  1/(2tt2)  \  d£  dk  q  (-^)  4^  f  (K+k+^) 

i>  f  1  <*v)  tf’j  (K+v+kj-Z^  }  ( 1 ) 


Here  ^  is  the  momentum  space  off-shell  Coulomb  wave- 
function  in  the  projectile  field.  The  Born  result  is  re¬ 
covered  by  replacing  this  wavefunction  by  *  (K+S.)  ■  The 
expression  (I)  has  been  evaluated  approximate ly  and  some 
preliminary  results  for  helium-like  ions  are  shown  in 
Hg.  1. 
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FT  CURE  I  Total  cross-sect  ions  for  ( Is2)  1S-*(  Is2p)  *P  ex¬ 
citation  of  helium-like  projectile  in  colli¬ 
sion  with  helium 
x  experiment  from  ref.  3  (F^  ) 
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HYDROGEN  EXCITATION  IN  ENERGETIC  STRIPPED- ION  HYDROGEN  ATOM  COLLISIONS 

*+  ** 

A.  Salop  and  J.  fcichler 

*  Varian  Associates,  611  Hansen  Way,  Palo  Alto,  California  94306  USA 
**  Hahn-Meitner  Institut  fur  Kernforschuna,  Berlin  39,  West  Germany 


Excitation  of  atomic  hydrogen  by  collisions  with 
er.ergot  ic  fully-stripped  ions  is  being  studied  using  a 
method  incorporating  both  a  sudden  (modified  first 
Magnus)  approximation^'^  and  a  first  order  Born  approx¬ 
imation.^  An  impact  parameter  approach  is  used  in 
which  a  projectile  is  assumed  to  follow  a  classical 
roctili-  ar  trajectory.  At  the  smaller  impact  param¬ 
eters  for  which  the  effective  projectile-target  electron 
interaction  is  strong  but  of  brief  duration,  the  Born 
approach  is  invalid  and  the  sudden  approximation  is 
employed  to  calculate  the  relevant  transition  amplitudes 
and  excitation  probabilities.  At  the  larger  impact 
parameters  for  which  the  collisional  interaction  becomes 
weak  and  extended  in  time,  the  sudden  approximation 
breaks  down  and  the  Born  theory  becomes  appropriate  for 
these  calculations. 

The  amplitude  in  the  sudden  approximation  (St.’ A) 
corresponding  to  the  transition  from  the  Is  ground 
state  to  an  n-m  excited  state  during  a  given  trajectory 
corresponding  to  an  impact  parameter  b  is  given  by 

alb. Is  -  ntm)  =  ^nim|exp  (-  i,Ti  A/{t)dt)|l^  d) 

where  V(t)  is  the  time-dependent  Coulomb  interaction 
between  the  projectile  and  the  target  electron.  By 
following  a  procedure  similar  to  that  detailed  in  Refs. 

1  and  2,  one  can  derive  ..  closed  form  expression  for  the 
transition  amplitude  as  a  finite  sum  over  complex 

hypergeometric  functions.  The  corresponding  impact 
parameter  Born  approximation  (IPBA)  transition  amplitudes 
are  obtained  by  appropriately  scalinq  the  analytic  ex- 
cessions  for  H+  +  H  collisions  derived  by  van  den  Bos 
and  de  Heer . 3 

For  fast  H  +  H  collisions  (for  example,  a  projec¬ 
tile  velocity  of  25  a.u.),  the  integrated  interaction  is 
weak  enough  for  the  IPBA  to  be  adequate  even  at  the 
smallest  parameters.  This  is  therefore  a  case  where  the 
SUA  computations  can  be  checked  directly  against  reliable 
IPBA  values,  and  indeed,  the  excitation  probabilities 
obtained  with  the  two  approximations  are  in  precise 
agreement  over  an  extended  ranqe  of  impact  parameters. 

The  situation  is  quite  different  however  in  the 
regime  of  heavier  projectiles  and  lower  velocities.  In 
Table  1  are  listed  both  SUA  and  IPBA  ls--2s  excitation 


probabilities  P(b)  for  C^+  +  1!  collisions  at  projectile 

velocities  of  3  a.u.  (E  =2.7  Mev)  and  25  a.u.  (Ep=188  Mev) . 
P 

At  the  high  velocity,  the  collisional  perturbation  to  the 
system  is  still  small  enough  for  the  IPBA  to  be  a  fair 
approximation  even  at  low-b  values,  and  the  two  sets  of 
calculations  are  ir.  fairly  close  agreement  up  to  b'2.5  a.u. 
For  the  low  velocity  case,  it  is  clear  th^t  the  non¬ 
unitary  IPBA  results  are  anomalously  large  for  the  close 
collisions,  whereas  ne  SUA  is  a  good  approximation  in  this 
region.  At  the  larger  impact  parameters,  tie  SUA  breaks 

Table  1 

ls--2.;  excitation  probabilities  for  C*  *  H  collisions. 

v  =3  a.u.  v  =25  a.u . 

1  P 


b  ( a .  u . ) 

IPBA 

SUA 

IPBA 

SUA 

0.0 

1.21 

3.49 (-3) 

1 .79 (-2) 

1.571-2) 

0.5 

9.411-1) 

4 . 16 (-3) 

1 . 40 ( -2) 

1.251-2) 

1.0 

5 . 19 (-1  ) 

8.05 (-3) 

7.7K-3) 

7.071-3) 

2.0 

9 . 14 ( -2 ) 

2. 00  (-2) 

1.37 (-3) 

1.401-3) 

3.0 

1.101-2) 

2 . 58 (-2 ) 

1.671-4) 

2 . 48 (-4 ) 

4.  *i 

1  .Obl-l) 

2.431-2) 

1.66 (-6) 

6.531-5) 

5 . " 

9. 30 (-5) 

1.'>7<-Z) 

1 .45(-6> 

? .  62  ( -5) 

down,  and 

the  IPBA 

becomes  the 

valid  theory. 

The  total 

excitation  cross  section  at  each  energy  is  estimated  by 
integrating  over  a  composite  excitation  probability  curve 
P(b)  obtained  by  smoothly  merging  the  low-b  SUA  and  high-b 
IPBA  excitation  probabilities.  Total  ls--2s  and  Is — 3s  ex- 
itation  cross  sect  ions  obtained  for  C  +  H  collisions  over 
a  range  of  projectile  vclnruies  using  the  combined  SUA- IPBA 
approach  arc-  presented  in  Fig.  1  . 
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EXPERIMENTAL  Zj  DEPENDANCE  OF  Is  -  2p3p  EXCITATION  CROSS  SECTIONS  OF  TWO  ELECTRONS  IRON  IONS 

COLLIDING  WITH  TARGET  ATOMS 

*  *  *  *  * 

K.  Wohrer  ,  J.P.  Rozet  ,  A.  CheCioui  and  C.  Stephan 

* 

Institut  Curie  and  tfniversite  Pierre  et  Marie  Curie,  11,  rue  Pierre  et  Marie  Curie 
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Institut  de  Physique  Nucleaire,  B.P.  n°  I,  91405  Orsay  -  France 


Excitation  mechanism  in  ion-atom  collisions  is  known 
to  be  well  described  by  the  fi-t  Born  approximat ion  when 
the  pertubation  induced  by  th*  exciting  partner  is  small 
(high  collision  velocity  or  very  asymmetric  system).  The 
energy  dependance  of  excitation  cross  sections  has  been 
widely  studied  in  the  past,  especially  for  the  most  sim¬ 
ple  cases  p  -*  H,  He.  By  contrast,  vety  few  has  been  done 
concerning  the  incoming  charge  state  dependance.  Devia¬ 
tions  to  the  22  law  predicted  by  first  order  treatments 
have  been  observed  in  the  case  of  ionization  (I)  but  no 
systematic  study  has  been  performed. 

In  experiments  reported  here,  projectile  excitation 
of  400  MeV  Fe24*  ions  impinging  on  target  atoms  has  been 
measured.  By  only  changing  the  target  (here  the  exciting 
partner),  the  dependance  of  the  cross  section  on  the  in¬ 
coming  charge  state  can  be  studied  in  a  simple  manner  and 
for  a  fixed  collision  velocity.  Beams  of  Fe*4*  ions  have 
been  obtained  at  the  CEVIL  in  Orsay.  The  target  is  an 
effusive  gaseous  jet  with  a  known  profile  operating  under 
collision  condition.  Heliumlike  n  *  2,  3P  -*  IS 
transitions  following  excitation  into  2p  and  3p  states  are 
detected  by  a  Si(Li)  detector  (resolution  of  about  180 
eV  at  6  keV).  Branching  ratios  nP  ♦  Is/nP  -♦all  are 
known  ((2)  and  (3))  so  that  population  cross  sections  of 
these  excited  states  can  be  determined  ;  cor responding 
values  are  reported,  for  the  case  of  n  »  2,  in  the  fi¬ 
gure  I  (open  circles).  Direct  excitation  cross  sections 
are  extracted  after  subtraction  of  che  cascade  contri¬ 
bution  and  of  a  double  process  contribution  (target  io¬ 
nization  accompanied  by  capture  from  the  target)  both 
evaluated  as  indicated  in  (4). 

Uncorrected  (open  circles)  and  corrected  values 
(full  circles)  are  shown  in  figure  I  in  connection  with 
various  theoretical  predictions  :  first  Born  approxima¬ 
tion  (--' - ),  large  basis  set  of  target  centred  coupled 

state  calculations  (.*.)  (5)  and  a  new  analytical  method 

based  on  the  Schwinger  variational  method  ( - )  (6). 

In  the  cal cui at  ions ,  the  exciting  partner  is  a  bare  ion 
but  the  charge  transfer  channel  is  not  considered  so  that 
comparison  with  the  experiment  (tranfer  channel  is  also 
closed  in  that  case  since  target  atoms  are  carrying  elec¬ 
trons)  makes  sense. 

When  looking  at  the  results,  two  essential  features 
are  worth  to  mention  : 

.  The  first  Born  approximat ion  is  valid  foe  the 


most  asymmetric  system  even  though  the  collision  rela¬ 
tive  velocity  is  rather  low  (V/y}s  ~  0.6).  When  increa¬ 
sing  the  asymmetry  of  the  collision  deviations  to  the 
Born  results  are  more  and  more  pronounced 

.  An  effect  of  saturation  at  high  Zj  is  clearly 
exhibited  by  the  experiment  in  agreement  with  the  theo¬ 
retical  prediction  of  the  variational  method.  A  similar 
behaviour  has  also  been  observed  in  the  cas  of  excita¬ 
tion  into  Is3p  states. 


Figure  I  -  Experimental  and  theoretical  1*2  ♦  Is2p  exci¬ 
tation  cross  sections  for  400  MeV  Fe24*  -*■  Z\.  See  text 
for  the  explanation  of  the  symbols. 
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The  electron  spectrum  shown  in  the  figure  results 
from  two-electron  capture  by  ions  into 

(ls"31n'l  )  autoionising  states,  which  decay  by  elec¬ 
tron  emission  into  ls^21cl*  contxnua.  Capture  processes 
with  the  metastable  ions  S3*(1s2s^Sj  cannot  contribute 
to  this  spectrum  since  the  corresponding  reactions  are 
very  exothermic  ;  in  this  case  Li-like  ls21n*l*  autoioni¬ 
sing  states  are  mainly  excited,  by  one-electron  capture*. 

The  Be- like  configurations  formed  by  charge  exchange  in 

5+2 

N  (Is  /*ti 2  collisions  have  also  been  observed,  using 
translational  energy  spectroscopy2,  in  F^+*He  system. 

With  nitrogen  such  states  cannot  be  seen  using  an  helium 
target  since  this  capture  process  becomes  endothermic  ; 
even  with  hydrogen  target,  only  capture  into  n'»3  terms 
is  observable  with  high  intensity,  electron  transfer  into 
n*  3  configurations  being  a  much  less  probable  endother¬ 
mic  reaction. 

To  be  sure  that  our  identification  is  correct,  the 
electron  energy  has  been  estimated  using  an  effective 

nucleus  charge  Z-b  for  the  two  excited  electrons  ;  the 

2 

(2-3,  3s  y  energy  has  then  been  taken  in  ref.  3  ;  it  re¬ 
sults  an  electron  energy  equal  to  28.8  or  13.8  eV  depen¬ 
ding  whether  autoionisation  occurs  into  Is  2s  1  or 
Is2  2p  u 1  continua  respectively.  These  values,  together 
with  the  series  limits  are  in  good  agreement  with  our 
electron  spectrum. 

pelow  2u  eV  structures  were  observed  which  might  be 
due  to  two-electron  capture  into  ls^2pnl,  nib  out  possi- 
oie  spurious  electron  background  makes  this  identifica¬ 
tion  ambiguous  ;  more  experimental  work  is  necessary. 

It  is  worth  emphasizing  that  theoretical  work  will 
be  very  useful  to  identify  the  numerous  structures  seen 
in  figure  l. 
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ELECTRON  ANGULAR  DISTRIBUTIONS  AND  TOTAL  CROSS  SECTIONS  FOR  TWO-ELECTRON 
CAPTURE  PROCESSES  OBSERVED  IN  N6’7*  ♦  He  COLLISIONS  BY  ELECTRON  SPECTROSCOPY  AT  10.2  qkeV. 
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Angular  distr ibutions  for  the  lsnln'1' (n=2,3  and 
n**n^  and  nln'i*  (n=3  and  n’>n;  lines  have  been  measured 
in  .\k  +  He  and  +■  He  respectively  (figures  1  and  2) . 
Cross  sections  and  angles  are  given  in  the  emitter  frame. 
It  can  t>e  seen  that  these  distributions  are  often  non¬ 
isotropic  and  in  some  cases  asymmetrical  with  respect  to 
9U'J.  Ibis  means  that  an  estimate  of  total  cross-sections 
from  only  one-angle  measurement*  may  lead  to  erroneous 
values.  Alter  integration  over  the  angles  and  summation 

over  all  the  lines,  the  following  total  autoionisation 

2 

cross  sections  have  been  obtained  : 

+  He  :  ■  auto  =  7.2  ♦  2.2  10  ^ 

N,b  +  He  :  auto  »  3.9  ♦  1.2  10  ^ 

For  q  =  o,  3  .  values  measured  bv  Gordeev  et  al"* 
nl 

are  consistent  with  our  value  only  when  lowered  by  at 

least  20  7*  in  order  that  the  sum  )  agrees 

nl  auto 

witn  the  ■  ,  value  measured  bv  Iwai*4. 

q,q-l 

For  q  =  7,  our  value  seems  to  be  high  compared  to 

Cue  '  .  value  published  by  BJ  iman  et  al^  but  better 

q,q-l  K  7 

agrees  with  the  largest  *  ,  cross  sections  measured 

4  6 

by  other  authors  *  .  For  this  system  measurement  of  the 
•  n^  value  would  be  important  to  check  the  consistency 
s»f  all  these  cross  sections. 
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TRIPLE  COINCIDENCE  STUDIES  OF  SLOW  COLLISIONS  OF  HIGHLY 
CHARGED  IONS  WITH  ATOMS:  ELECTRON  SPECTRA 
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In  collisions  of  highly  charged  ions  with  atoms 
the  capture  of  one  or  more  electrons  is  a  very  im¬ 
portant  process.1  Very  little,  however,  is  known  about 
the  mechanisms  governing  multi-electron  capture  from 
gas  targets,  i.e.  processes  of  the  kind 

A'f1'  +  B  >  A^q"r)+  +  F)(  r+s)+  +  se-  (1) 

Such  information  can  be  obtained,  as  one  measures  the 
ejected  electrons  in  coincidence  with  the  charge  se¬ 
lected  projectile  ion  A^-r^+  and  the  charge  selected 
target  ion  r4’s-*+.  We  have  built  an  experimental  set¬ 
up  to  perform  such  measurements:  main  part  of  the  set¬ 
up  is  an  electrostatic  cylindrical  mirror  analyzer 
( CF.MA) ,  accepting  electrons  emitted  at  a  polar  angle 
*  SO*  +  A  with  respect  to  the  beam  axis.  We  report 
here  on  non-coincident  electron  spectra,  which  already 
revealed  specific  details  of  the  processes  (l).  As 
examples,  we  show  spectra  of  Ar^+  (0.9  keV/amu)  on  Ar 
(fig.  1)  and  of  06+  (6.75  keV/amu)  on  Ar  (fig.  2). 

Common  features  of  these  spectra  are: 

-  they  consist  only  of  projectile  autoionization  peaks. 
.Vo  target  electron  peaks  were  found  so  far.  All  peaks 
exhibit  a  corresponding  dopplershif t. 

-  lifetimes  x  of  the  excited  states  seem  to  be  not  too 
short:  so  far  we  found  no  indication  for  molecular 
autoionization  (x  <.  collision  time). 

Further  details  of  Interpretat ton  will  be  given  at  the 
conference:  the  electron  peaks  can  be  ascribed  to  cer¬ 
tain  specific  charge  changing  processes  only  if  one 
takes  the  coincidence  measurement  into  account. 

Still,  we  can  comment  on  a  special  feature  of  the 
^  "Ar  spectrum  (fig.  2):  two  peak  regions  are  dis¬ 
tinctly  separated  by  about  400  eV  (all  electron  ener¬ 
gies  refer  to  the  emitter  frame).  The  low  energy  region 
(20-60  eV)  shows  projectile  auto  ion izat ion  within  or  to 

22  5  I O  30 _  40  60 


the  L- shell  of  the  o^-r^+  ion;  the  high  energy 
electrons  (350-475  eV),  however,  can  only  be  emitted  if 
there  exists  a  K-shell  hole  in  One  measures 

the  identical  spectrum,  only  dopplershi f ted ,  at 
2.25  keV/amu;  therefore  one  wonders,  whether  this  slow 
(v  »  0.25  a.u.)  impact  really  can  excite  the  (ls“) 
configuration  to  ( 1 s2 ?  ....).  Possibly  the  0^+-beam 
contains  a  large  fraction  of  metastable  ions,  e.g. 
06+(ls2s3S).  The  occurrence  of  different  metastable 
states  could  explain  the  differences  between  our 

electron  spectrum  and  the  high  energy  part  measured  by 
? 

Schmidt-Boecking“. 
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ANALYSIS  OF  HIGH  RESOLUTION  L- AUGER  SPECTRA  FROM  MULTIPLY  IONIZED  Ar  PROJECTILES 


N . Stolterf oht ,  Th. Schneider ,  D. Schneider,  and  A , I toh 
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Recently,  we  have  measured  L-Auger  electrons  from 


highly  ionized  Ar  projectiles  utilizing  the  method  of 


ze.‘ro  degree  Auger  spectroscopy.  Thus,  Doppler  broaden¬ 


ing  effects  could  essentially  be  reduced  so  that  the 


spectra  were  measured  with  relatively  high  resolution. 


Light  target  gases  such  as  He  have  been  used  to  minimize 


outer  sh<-ll  excitation  in  addition  to  the  L- she 11  ioni¬ 


zation.  Hence,  Auger  spectra  for  individual  charge 


the  projectile  could  be  studied.  In  Fig.l 


:wn  reiernnj 


91. c  MeV  Ar  projectile 


In  our  previous  study,  the  interpreta- 


lO'.tral  structures  remained  unclear. 
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Fir.l  Spectrum  of  Ar-L  Auger  electrons  ejected  in 

S* 

collisions  with  91.6  MeV  Ar  on  He.  From  Ref.l 


where  also  line  energies  are  given. 


To  verify  the  spectral  structures,  Ar-L  Auger 


transition  energies  were  calculated  using  a  multi-confi¬ 
guration  Dit.i-  Fock  (MCDF)  program.  For  the  cases 


studied,  the  ter;  splitting  and  the  fine  structure 


splitting  are  of  the  same  order  so  that  intermediate 


coupling  ‘,'nies  are  suitable  for  the  calculations. 


The  results  are  summarized  in  Fig. 2.  When  the  projectile 


is  singly  ionized  in  the  2p  orbital  in  the  collision, 

Ar^>+  is  created.  When  the  Ip  electron  is  removed  in 

7+ 

additi  u  to  the  2p  ionization,  Ar  is  obtained. 


In  Fij.2  the  Auger  transitions  for  Ar  and  Ar 


are  indicated  by  arrows  labelled  in  accordance  with  the 


notation  of  the  peak  jroupr  (Fig.l).  The  peaks  2a  and  2b 

1  2  2  5  2 

ar*-  attributed  to  the  initial  eonf igur ation  Is  2s  2p  3s 


forming  the  doublet  P  .  .  The  peak  groups  1,  3,  and 

5/ t,\/ l  2252 

4  are  due  to  the  initial  configuration  Is  2s  2p  3s  3p 


and  the  final  configurations  ls22s22p^  with  an  additio¬ 


nal  3d,  3p,  and  3s  electron,  respectively.  Here,  term 
splitting  and  fine  structure  splitting  is  important 


only  for  the  initial  configuration  which  implies 


*  »  *>  *  »  *1*  ■  •  "  -  *  •  *  i  . 

-  *  ^  •  *  4.%  * 
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10  individual  states.  The  branching  ratios  of  these 


states  determine  the  peak  structure  in  the  groups  i. 


i,  and  4.  For  instance,  note  the  peak  4a  which  is 


attributed  to  the  lowest  lying  J=l  state.  The  corres¬ 


ponding  lines  are  seen  to  be  missing  in  the  groups 
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Fig. 2  Energy  diagram  for  Ar  ,  Ar  ,  and  Ar 


The  peak  group  1  is  particularly  interesting. 


since  it  is  produced  by  three-elect ron  transitions 


which  cannot  be  initiated  by  the  two-body  Coulomb  in¬ 


teraction  operator  in  first  order.  Also,  shake-up 


effects  or  configuration  interaction  m  the  final 


state  of  the  residual  ion  should  not  be  important.  Here, 


higher  order  effects  such  as  interchannel  interaction 


have  to  be  considered. 
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STUECKELBERG  OSCILLATIONS  IN  C4+-He  DOUBLE-CAPTURE  CROSS  SECTION  AT  LOW  ENERGY 
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In  a  recent  state-selective  study  of  single-  and 
double-capture  processes  in  slow  C4+-He,Ne,Ar  and  Xe 
collisions,  performed  by  means  of  translational  energy- 
gain  spectroscopy  at  the  University  of  Aarhus1,  struc¬ 
tures  reminiscent  of  interference  oscillations  have  been 
4  + 

detected  in  the  C  -He  double-capture  energy-gain  spectra. 
The  structures  show  up  as  extra  peaks  in  all  spectra 
taken  at  projectile  collision  energies  between  300  eV 
and  700  eV  (cf.  Fig.  1).  Such  peaks  could  result  from 
capture  to  excited  states,  but  an  inspection  of  the  re¬ 
levant  C2+  states  shows  that  one  would  have  to  invoke 
several  ad  hoc  arguments  as  to  the  populating  mechanisms. 
Instead  the  structures  were  provisionally  interpreted  as 
due  to  angular  scattering  and  Stueckelberg  interference 
oscillations,  as  discussed  by  Olson  and  Kimura  for  the 
system  C6*-H  at  similar  collision  energies.  That  such 
angular  scattering  intensity  oscillations  can  show  up  as 
distinct  structures  in  the  energy-gain  spectra  is  due  to 
the  kinematic  energy  shift  and  the  non-vanishing  accep- 
tance  angle  of  the  experimental  set-up  .  A  strong  support 
for  the  given  interpretation  was  the  correct  inverse 
velocity  dependence  of  the  wavelength  of  the  observed 
structures. 

To  further  investigate  the  Stueckelberg  oscillation 
interpretation  we  are  presently  generating  model  energy- 
gain  spectra  to  compare  with  the  experimental  ones.  The 
differential  cross  section  per  unit  angle  is  constructed 
from  a  classical  deflection  function  according  to  the 

4 

prescriptions  of  Olson  and  Smith  .  It  is  then  transformed 
into  a  differential  cross  section  per  unit  energy  gain 
using  the  kinematical  relationships.  The  Landau-Zener 
probabil ities  are  evaluated  with  the  coupling  matrix 
element  derived  by  Grozdanov  and  Janev^.  A  synthetic 
energy-gain  spectrum  at  500  eV  projectile  collision  ener¬ 
gy  is  shown  in  Fig.  2.  We  also  note  that  the  rather  crude 
semic lass ica 1  approximation  used  may  be  improved^. 
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FIGURE  1  Experimental  energy-gain  spectrum  of  500  eV 

4,  i 

C  capturing  two  electrons  from  He  . 


FIGURE  2  Theoretical  differential  cross  section  per 

4* 

unit  energy-gain  for  500  eV  C  capturing  two 
electrons  from  He  into  the  ground  state.  Scale 
on  vertical  axis  is  in  atomic  units. 
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While  single-electron  capture  by  slow  multiply 
charged  ions  have  received  much  attention  during  the 
last  decade  and  several  useful  theoretical  models  have 
Been  proposed,  the  situation  has  been  different  for 
mult i -elec tron  transfer  processes.  The  recent  availabi¬ 
lity  of  fresh  experimental  coincidence'  and  state- 
2 

selective  data,  however,  has  now  made  it  possible  to 
formulate  and  test  some  new  theoretical  ideas.  We  here 
describe  a  recent  extension  of  the  classical  barrier 

model  for  single-electron  capture  to  mul t i -elec tron 
3  4 

transfer  reactions  ’  .  This  extension  follows  along  the 
lines  proposed  by  Janev  and  Presnyakov^,  but  our  pre¬ 
scription  differs  signif icantly  from  theirs. 


Our  extension  of  the  classical  barrier  model  treats 
a  multi-electron  transfer  process  as  a  consecutive 
progression  of  one-electron  transfers.  This  progression 
leaves  the  target  ion  in  a  distinct  charge  state  but 
does  not  predict  the  final  charge  state  of  the  projec¬ 
tile,  since  autoionisation  of  multiply  excited  projec¬ 
tile  states  may  occur  during  or  after  the  collision. 

The  model  thus  predicts  cross  sections  for  target  loss 
of  a  specific  number  of  electrons  (m)  given  the  projec¬ 
tile  charge  state  (q).  The  actual  computation!  scheme 


=  -(  R2  -  R2  . 
q  m  m+1 


Rm  =  ■ 2 ( q-m* 1 ) +  mi/I  , 


where  I  is  the  m:th  ionisation  potential  of  the  target. 


The  model  also  predicts  internal  energy  defects 
associated  with  the  transfer  of  m  electrons  from  the 
target  to  (possibly  later  autoioni sing )  excited  states 
of  the  ion.  These  defects  Qm  are  defined  through  the 
recursive  relations 

Q,  ‘  (q-U/R, 

°m  =  'R-I2m-1),/Rm  *  Qm_r 

In  Fig.  1  energy-gain  spectra  of  1  keV  Xe^*  *  Ar  • 

Xe^4  are  shown  together  with  the  model  estimates  of 
internal  energy  defects  (corrected  for  kinematical 
shifts)  for  one-,  two-  and  three-electron  loss  from  the 
target  and  for  q  =  12,  14  and  18. 
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MULTI -ELECTRON  PROCESSES  IN  SLOW  COLLISIONS  OF  Arq+  WITH  Ne,  Ar,  Kr 
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We  report  results  from  a  study  of  slow  charge¬ 
changing  collisions  of  the  general  type 

Aq+  *  B  •  Ar+  +  BS+  +  (r+s-q)e~, 

where  the  multiply  charged  projectiles  have  been  produced 
as  recoil  ions  using  the  Stockholm  cyclotron  to  give  a 
"hammer"  beam'.  The  recoils  are  accelerated  to  an  energy 
of  1.8q  keV  and  collide  with  the  target  in  a  gas  cell. 

By  coincident  time-of-fl ight  charge-state  analysis  of 
orojectiles  and  secondary  target  ions,  absolute  cross 
sections  for  specific  reactions  are  determined.  We  have 
used  Ar  ions  as  projectiles  and  Ne,  Ar,  Kr  as  target 
gases.  A  rather  detailed  presentation  of  the  experimen¬ 
tal  set-up  and  results  for  the  Ar-Ar  collisions  have 
2 

recently  been  published  .  Here  we  briefly  present  the 
Ar-kr  system,  but  a  more  thorough  discussion  and  com¬ 
parison  of  all  three  collisional  svstems  will  be 

3 

oubl i shed" . 

Due  to  the  large  potential  energy  carried  by  the 
projectile  into  the  collision,  a  great  variety  of  pro¬ 
cesses  may  occur.  Fig.  1  shows  the  absolute  summed  cross 
sections  for  production  of  a  secondary  target  ion  of 
charge  state  s.  We  see  that  even  the  cross  section  for 
detaching  s  =  6  electrons  from  the  target  is  appreciable 
if  only  the  projectile  charge  state  q  is  large  enough. 


123456789 


q 

FIGURE  1  Cross  sections  o*  for  production  of  target 

ions  of  charge  state  s  =  2,.., 6  in  collisions 
of  1.8q  keV  Arq+  with  Kr. 


Fig.  2  shows  in  more  detail  the  absolute  cross 
sections  c^r  for  production  of  secondary  target  ions  of 
charge  state  s  =  3  split  up  into  different  final  projec¬ 
tile  charge  states  r.  Transfer  ionisation  dominates 
completely,  the  competing  channels  being  ejection  of 
one  or  two  electrons,  respectively. 
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FIGURE  2  Cross  sections  for  s  =  3  in  coincidence 
with  projectile  final  charge  states  r  =  q-3, 
q-2  and  q-1.  Same  system  as  in  Fig.  1. 


DIFFERENTIAL  CROSS  SECTIONS  FOR  ELECTRON  TRANSFER  IN  w"  ♦  H--  (  iM  I  ;  MN 
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An  apparatus  has  been  designed  and  tested  to 
measure  the  differential  electron  transfer  cross 
section  for  low  velocitv,  highly  ionized  projectiles 

impingent  on  neutral  targets.  Measurements  have  been 
q+ 

taken  for  Se  +  He  (q  ■  3, 4,^),  at  energies  ranging 
from  approx i ma t e 1 v  70  to  180  eV/q. 

A  30  MeV  bromine  beam  from  the  Kansas  State 
I'niversitv  EN  tandem  Van  de  Craaff  was  used  to  ionize 
neon  gas,  thus  producing  several  charge  states.  An 
acceleration  svstem  and  magnet  were  user!  to  ext  rat  t  , 
charge  analvze,  and  momentum  analvze  selected  *ieon 
charge  states  and  energies.  Tli  i  s  secondary  beam  war. 
then  passer!  through  the  helium  gas  tell  and  detected 
Hownst ream  bv  a  position  sensitive  detector.  1'sing  a 
retarding  grid  svstem.  the  neon  ions  whifh  had 
undergone  single  charge  exchange  were  separated  from 
the  direct  and  elastic  components  of  the  beam.  The 
overall  resolution  of  the  svstem  was  approximately  r> 
mi  1  l  i  rad i ans  (FWHM>. 

The  energy- gain  for  single  ele.tmn  transfer  of 
Ne  ♦  He  was  measured  bv  S'hsneissner  **t  .#/.*  It 
was  observed  that  populat  ion  of  the  Is  state  dominated 
the  spectrum.  The  .Ve  beam  had  f  he  additional 
idvanfage  of  being  suffii  ientlv  intense  to  measure 
differential  cross  sections. 

T  n  F  i  g  .  1  t  he  H  i  f  ferent  i  a  1  <  apt  me  r  toss  sei  t  :  on 

it  ♦ 

for  Ne  +■  He  as  a  function  of  i.  (r  »  F0  )  .  is  pre¬ 

sented.  The  forward  peak  is  a  notable  feature  of  these 
spectra.  There  is  ronsiderable  population  within  the 
angle  which  would  correspond  to  -i  .  ollision  with  .in 
impart  parameter  equal  '  o  the  i  rossing  radius.-  Tire 
position  of  ‘ he  maxima  anti  minima,  however,  do  move 
with  t  in  stub  a  wav  as  to  suggest  that  t  hev  can  be 
observed  as  St uecke  1  berg  os<  illal  ions.  Tires*-  os*  il¬ 
lations  are  attributed  to  i  n  t  e  t  f  e  rem  «•  between  the 
probab  i  1  i  t  V  arnn  1  i  t  ude  s  for  «  ant  n  re  III  <  ru  r  inv  near  the 


IAT  ?<! ;Y  1-A1N  LFCTROSCOPY  OF  LOW  ENERGY  Ar  AND  N»*  ON  ATOMIC  AND  MOLECULAR  HYDROGEN 
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:  and  >  ■>  r  ;.*  :  n  1-  ?  too.,  n\  |  i  .  i,,ri»  pi  in  t  he 

■>  1  .  1  -* t i  •*  <  t  !:  i  >•  t,  1  iT| 'I  -  j  it  ut*-  1 1 1  a *  •  1  ♦* \  i .  j» .  The 
f  i  finil  ■  •  n  ••  po pu  1  .i *  ]  oir s  of  t  svstpms  «  in 

:  •  h.  •  i».  *  «.«•  r  I  •  .-lift v  .  v.  i  l  n 
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here.'  1* o'  Util  1*..  Uriel  1%  outlined  kip.  The 
Ml*  i  on  s  w»*  i  •  •  p  j  o>{  ii  •  •  •  1 1  in  i  i  »*<»>;  I  ion  soil  t  '■ 
d  b\  t  fast  fluorine  hv  m  t  t  om  I  h*-  FSU  i-indem. 

**■  "i  1  ions  uimp  h  ■*  rg**- t  i»  e  and  momentum  analyzed 
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»*iit  t  t  e  1  \  absent  in  the  H  spectrum.  Kinematic  lines  for 

the  1‘1  final  states  are  shown.  Neither  of 

these  lines  fan  explain  the  feature  at  19  eV.  Also, 

he  mse  of  the  small  difference  in  binding  energies  of 

H  and  H~  ,  We  consider  it  unlikelv  that  these  states 

u  on  I d  be  strongly  populated  in  the  H~  system  and  not  at 

<11  in  the  system.  Another  explanation  for  these 

features  which  we  favor  is  double  capture  into  an 

excited  state  of  the  product  ion  followed  hv  autoicmiza 

■>  -> 

t  ion.  The*  final  state  is  then  1  s~  2  8 ""  2pn  Jtn  '  Jl '  .  The 
Q“  value  for  two  typical  states  is  indicated  in  the 
figure  using  the  notation  (  n  Jt ,  n  *  l  *  > . 

Similar  analyses  have  been  made  for  the  other 
systems  mentioned  above.  Population  of  the  feature  at 
high  energy  gain  increases  with  r he  charge  state  of  the 
projefile.  It  should  be  noted  that  it  is  not  possible 
in  all  cases  to  unambiguously  identify  the  final  state 
popu 1  at  ions . 

This  work  was  supported  hv  the  !’ .  S.  Department  of 
Energy,  Division  of  Chemical  Sciences. 

1  .  I.  P.  Giese,  Cl .  L.  Cocke,  S.  I..  Varghese,  W. 


Waggoner,  l. .  Tunnel  1,  NIMS,  to  be  published 

\f»r  i  1  1986. 

MAIN  PEAK  SINGLE  CAPTURE 


Kinematic  lines  for  the  possible  final  states  are 
shown.  The  scattering  angle  corresponding  to  an  impact 
parameter  equal  to  the  crossing  radius  is  indicated  bv 
a  blackened  triangle. 
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TRANSLATIONAL  ENERGY  GAIN  S P K CTROS COP Y  STUDIES  OF  MULTIPLY 
CHARGED  ION  ATOM  COLLISIONS 
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During  the  last  two  years  we  have  performed  experi¬ 
mental  investigations  of  state-  selective  electron  capture 
for  a  variety  of  multiply  charged  ions  colliding  with 
at. ..ms  and  molecules.  Parts  of  this  investigation  is  put— 
I  l shed  al  *  t?ady  * '  ***  ^  ^  but  new  results  are  currently  eb- 
ta ined. 


Multiply  charged  ions  of  charge  state  q  are  created 
as  "recoil  ions"  in  collisions  between  high  energy  {  }*>  MeV) 
Ci . :>■*■#  1 1  ♦  Lons  arKj  various  neutral  species.  The  recoil 
i  :>ns  are  accelerated  to  an  enemy  of  approximately  20q  eV 
and  momentum,  analysed  before  they  are  accelerated  to  the 
collision  energy  of  typically  1.10  -  2u00  eV.  The  ions 
which  have  exper  ienced  a  charge  -  exchange  collision  are 
then  decelerated  and  analysed  m  a  hemispherical  electro¬ 
static  analyser  and  finally  detected  by  a  channel  electron 
multiplier.  An  energy  gain  spectrum  is  obtained  by  sweeping 
th-  decelerating  v.  it  age;  the  resolution  is  sa-O.L’Oq  "V 

An  exam; le  of  a  measured  energy  gain  spectrum  is 

shewn  in  fig. 1  for  the  process 
7+  + 


Ar  +  Ar  +  g 

Ar°+  ♦  Ar  ,  ,  (1) 

7+  ++ 

Ar  +  Ar  +  e  +•  Q 

wrier*  ^  i  ;  the  internal  energy  de  fect  in  the  collision. 

Due  t.v.  rec.il  -f  the  target  atom,  the  energy  gain  :.K  uf 
r  hi.-  pr  -recti  Le  is  sliqntly  smaller  than  Q,  but  this  small 
kinematic  shift  can  easily  be  corrected  for.  The  narrow 
peak.-  a  re  i  ieiit  i  f  i  •  ■  i  as  single  capture  to  the  designated 
final  spates  -f  th"  Ar  i'-n  whereas  th*'  broad  peak  (TI ) 
is  attributed  t.  rr.ih---.fer  ionisation  processes.  Th*-  hr  cid¬ 
er;  m  .!  f  this  p*-aK  .  ;  caused  by  recoil  fr  >m  the  ejected 


electron.  This  effect  prevent  a  precis'-  uth  •  f 

excited  levels  for  tno  TI-p recess . 

Besides  transfer  i  ,-nisat  i  .  n#  we  obscrv*  "true" 
double  capture  in  some  low  :\  evil  is ions  s  ue:,  an 

4  +  2  +  2 + 

C  +  Ne  *  C  ♦  Ne  +  o  .  •  c ) 

Shown  in  fig. 2  is  an  energy  gain  spectrum  f -  r  this 
process  where  several  collision  channels  are  identified. 


I 


State  select  iv* •  •  3  ertron  capture  ,-r  ss  -,*-ct  u*:»:s  are 
until  n  »w  i  t.ained  f-.r  :  -ns  n::nii!  fro::  •"  •  .»•“ 

in  v.irio'.i.  atomic  ar.vi  n-  locular  :a^<  ::..  -  t  •  c-  r  will 

shew  examples  of  ?;p.--:ra  obt.a ;  n*  -d  mi  we  will  discuss 
s:m:le  nc-dois  which  ■  x:Iair<  ;*•:  -.era!  firi.il:.  ;s  •»  uch  ■>-<  the 
i  ■  i  ..:i  >f  the  "r-M.'tr  n  wind  w"  and  th  ■  van  I'l.m  i 
cross  sections  with  ••n<-r  ;y  and  rhur  ie  ’a1*-. 
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ELECTRON  CAPTURE  CROSS  SECTIONS  AND  n,i -LEVEL  POPULATIONS  FOR  HIGHLY  CHARGED  SLOW  RECOIL  IONS 

R.  Mann,  C.L.  Cocke* 

GSI,  P.O.  Box  110541,  0-6100  Darmstadt,  FRG 
*KSU,  Manhattan,  Kansas  66506 


Ar5*  and  J<’*  '5  <  q  <  26)  recoil  ions  were 

produced  in  1.4  MeV  u  U,;>  ,  krIP  +  ^  SiI1+  collisions 
with  A r,  HJ  targets.  Total  one  electron  capture  cross 
sectiens  0^  from  He  and  h,  targets  into  200  eV/  q 
extt acted  recoil  ions  are  measured  by  the  decelerating 
method  1  'Fig.  1).  The  [^-dependence  on  q  .Fig.  2}  is 


cmannutron  RETARD.  VOLTAGE  I VI 

Figure  1 

in  better  agreement  with  the  peak  values  of  the 
2 

classical  barrier  model  (CB  than  with  the  absorbing 
sphere  model  ^  (AS).  Besides  a  general  smooth  increase 
of  oc(  q)  significant  fluctuations  in  neighboured  q 
values  are  observed  which  are  not  simply  reproduced  by 
any  existing  theory.  Such  fluctuations  may  reveal  the 
electron  transfers  to  be  strongly  dependent  on  the 
individual  electronic  level  structure  of  the  system 
even  for  high  charge  states.  Indeed,  the  Q-value 
spectroscopy  1  indicate  that  subshells  are  selectively 
populated  {  Fig.  3).  For  certain  charge  states 


t  io  is  zc  zs  30  °  10  zo  3U  40  5U 

Ionic  Charge  Energy  Gam  /eV 


(  10+ ,11+)  the  energy  range  of  subshell  levels 
calculated  by  a  Dirac  Fock  program  overlap  for 
different  main  shells  n.  Energy  gain  spectra  of  Ar6+ 
ions  (  Fig.  4)  indicate  a  strong  dependence  on  the 
collision  energy  for  selectively  populated  subshells. 
This  can  be  qualitatively  understood  from  adiabati- 
city  criteria  of  the  capture  process. 


E~pfgy  Gam  /eV  Energy  Gain  /eV 

Figure  3 
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STATE- SELECTIVE  ELECTRON  CAPTURE  BY  SLOW  MULTIPLY  CHARGED  IONS  IN  ATOMIC  HYDROGEN 

R  W  McCullough,  F  G  Wilkie  end  H  B  Gilbody 

Department  of  Pure  and  Applied  Physics,  The  Queen's  University  of  Belfast, 
Belfast,  United  Kingdom 


Translational  energy  spectroscopy  in  conjunction 
with  a  tungsten  tube  furnace  has  been  used  in  this 
laboratory  to  carry  out  the  first  measurements  of  their 
type  for  the  electron  capture  process 

M+  +  H  -►  X(<I  *  1>  +  (n,  1>  +  D+  . 

In  onr  energy  range  corresponding  to  velocities  v  <  1 
a.u.  where  a  qua s i-mol e cul ar  description  of  the 
collision  is  appropriate  selective  capture  into  a 
limited  number  of  product  ion  states  occurs  via 
pseudo-crossings  of  the  adiabatic  potential  energy 
curves  of  the  molecular  system.  In  particular 
moderately  exothermic  reaction  channels  provide  the 
main  contribution  to  the  total  one  electror  capture 
cross  section. 

The  feasibility  of  the  technique  was  demonstrated 
at  the  single  impact  energy  of  8  keV  for  the  N2  +  +  H 
collision  system1.  Subsequent  apparatus  improvements 
enabled  the  first  detailed  comparison  between 
experiment  and  theory  for  the  C3  +  +  U  system2  in  the 
energy  range  0.6  -  18  keV  and  more  recently  for  the  N2  + 
+  H  system3  in  the  energy  range  0.6  -  8  keV .  In  both 
of  the  above  cases  the  agreement  with  theoix  was  good 
for  the  dominant  reaction  channels. 

A  new  position  sensitive  detector  system  with 
microchannel  plates,  phosphor  screen  and  CCD  camera  has 
recently  been  installed  in  our  product  ion  energy 
analyser.  This  detection  system  has  enabled  higher 
resolution  FWBM  1.5  eV  combined  w  i  1 1.  increased 
detection  efficiency  to  be  achieved.  Fig.  1  shows  an 
energy  change  spectrum  for  C2<  ions  formed  in  single 
collisions  between  12  keV  C3  +  and  atomic  hydrogen.  The 
main  features  of  this  spectrum  are  in  good  agreement 
with  those  observed  in  our  previous  work  aid  predicted 
by  theory*  .  The  major  reaction  channels  an  indicated 
by  full  vertical  lines  and  are  labelled  aw--;  ding  to 
the  C2*  product  ion  state  formed.  These  channels  are 
listed  below  together  with  their  energy  detects  and 
associated  pseudo-crossings. 


Reaction  AE(eV)  Rc<a.u.) 

C3+(ls22»)2S  +  B 

•*  C2+(ls22a3p)3P°  ♦  1  r  2.05  26.5 

+  C2*(1»22s3s)3S  +  H*  4.72  11.5 

-►  C2*( ls22p2)  1S  «■  H*  11  .63  4.68 

C2+(liV)l0  ♦  R+  1617  336 


Figure  1  :  Energy  change  spectrum  for  C2+  ions  produced 
in  one  electron  capture  collisions  by  12  keV  C3  + 
ions  in  atomic  hydrogen. 

However  these  new  measurements  clearly  indicate  the 
presence  of  other  minor  reaction  channels  resulting  in 
the  formation  of  higher  excited  states  of  C2-f  between 
3p0  and  the  continuum.  The  unresolved  channels  account 
for  approximately  24%  of  the  total  C2+  of  the  total  C2+ 
product  ion  signal.  Further  measurements  at  other 
collision  energies  for  the  C3+  +  H  system  will  be 
presented  at  the  conference  together  with  those  for 
other  collision  systems. 
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ON  NEUTRALISATION  OF  HIGHLY  CHARGED  IONS  NEAR  METAL  SURFACES 

M.  Delaunay*.  S.  Dousson*  and  R.  Geller* 
and 

P.  Varga+,  M.  Fehringer**"  and  H.  Winter**" 
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Experience  on  neutralisation  of  slow  multi-charged  ions 
at  metal  surfaces  /lf2/  suggests  the  following 
processes.  At  distances  of  typically  10  8  from  the 
surface,  resonance  capture  of  one  or  several  electrons 
produces  highly  excited  or  autoionizing  /3/  particles, 
which  during  their  further  approach  are  rapidly 
deexcited  in  a  series  of  Auger  processes,  each  of  them 

bridging  an  energy  gap  of  about  15  -  30  eV  /2,4 /.  Each 
-15  -14 

step  will  last  typically  10  -  10  s  and  can  lead 

to  electron  ejection.  The  corresponding  electron 
yield  y  should  therefore  be  roughly  proportional  to  the 
overall  potential  energy  W  released  by  an  ion 
until  its  neutralisation  has  been  completed.  This 
picture  is  also  confirmed  by  all  so  far  available 
experimental  results  /1,2,5/.  During  10”^  s,  ions 

with  a  kinetic  energy  of  E/M  *  7.5  eV/amu  (e.g. 
300  eV  Ar^+)  travel  about  4  8.  Therefore,  even  such 

rather  slow  highly  charged  ions  will  reach  the  surface 

before  their  above  described  neutrali- 

sat lon/deexc  itat ion  processes  have  been  terminated. 
This  is  supported  by  measured  y  ,  which  decrease  with  E 
the  faster  the  higher  q  /]/.  Furthermore,  with  given  Z 
beyond  a  certain  q  value  the  gaps  between  adjacent 
states  involved  in  the  Auger  deexcitation  cascades  may 
become  so  large,  that  the  related  Auger  transition 
probabilities  are  drastically  decreased.  This  is 
especially  to  be  expected  for  H-,  He-  and  Ne-like 
configurations,  for  which  the  respectively  lowest 
excited  states  are  widely  separated  from  the 

corresponding  giouml  states.  For  few  electron-ions 

with  higher  Z,  radiative  deexc itat ion  may  become 
comparably  important  as  Auger  deexcitation,  because  the 
probability  o!  the  radiative  processes  increases 
rapid] v  with  /.  In  this  context,  we  refer  to  Ar 
emission  observed  tor  impact  of  Ar*/+  on  CuBe  /6/ . 

In  conclusion,  a  correspondingly  smaller  contribution 

to  electron  ejection  and  thus  a  deviation  from  linear 

•  vs,  W  chirm  ler i^t  n  s  should  be  found  for  high 
4 

q-values  as  above  defined. 

Applying  decelerated  ions  from  an  ECR  source  / 7/ ,  we 
have  started  systematic  investigations  of  electron 
emission  due  to  impart  of  slow  highly  charged  ions  on 
metal  surfaces. 


The  figure  shows  results  obtained  for  contaminated 

-8 

tungsten  (background  pressure  ca.  10  mbar)  bombarded 
by  300  eV  Nq+(q  Sb),  Neq+(q  S8),  Arq+  and  Krq+(q  <10). 
We  clearly  find  deviations  from  linear  y  vs.  plots, 

most  notably  at  q  =  9  for  Ar  and  q  =  6  for  N,  in 
agreement  with  our  expectations. 

At  smaller  ion  impact  energies  (i.e.  100  or  200  eV) 

less  pronounced  deviations  have  been  found,  which 
suggests  more  efficient  electron  ejection,  if  enough 
time  for  the  respective  neutralisation/deexcitation 
sequences  is  provided. 

Studies  for  impact  of  ions  with  higher  q  and  also  lower 
E  on  atomically  clean  target  metals  are  in  progress. 
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A  PRACTICAL  CRITERION  TO  DETERMINE  TRANSLATION  FACTORS.  APPLICATION  TO  He*  +  H  COLLISIONS. 


J.M.  Gomez  Llorente,  L.F.  Errea,  L.  Mendez  and  A.  Riera 

Departamento  de  Quimica  FIsica  y  Quimica  Cuantica. 
Universidad  Autonoma  de  Madrid.  28049  MADRID  (Spain) 


We  present  results  of  applyingthe  Euclidean  norm 
method1  to  determine  a  common  translation  factor  for 
He^+  +  H ( 1 s )  collisions.  Norms  with  andwithout  weights 
are  presented.  The  parameters  determined  are  the  cut-off 
paramter  e  of  ref.  2  and  the  so-called  privileged  ori¬ 
gin.  Our  conclusion  is  that  the  norm  method,  which  is 
an  extension  of  the  criterion  of  Rankin  and  Thorson^, 
provides  a  simple  and  useful  procedure  to  determine 
translation  factor  parameters. 
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CROSS  SECTION  FOR  He2*  •  H(ls)  COLLISIONS 


Ow  results  «ith  a  -state  calculations : _ 

?P? ,  3dc  and  2 p*  . 

-  No  translation  factor ,  origin  on  H*  . 

-  No  translation  factor,  origin  on  nuclear 

centre  of  charge  . 

use  _of  _euc 1 i dean  norm 

-  w  *  1  . 

-  *n  =  transition  probabilities  of  previous 

case  . 

-  »»n  =  transition  probabilities  chosen  by 

iteration  procedure  . 


ptner  resutts  with  translation  factors. 

■  Results  of  Winter  and  Hatton1^  using  plane 
wave  T.F.  (four  states  calculation)  . 

•  Id.  (ten  states  calculation)  . 

-  Results  of  Kimura  and  Thorson*  with  opti¬ 
mised  T.F.'s  (four  states  calculation)  . . 

-  Id.  (ten  states  calculation) . 

-  Results  of  Crothers  and  Todd6  with  variatio 

naMy  optimised  T.F.'s.  Five  states  calcula-  “ 
tion  (2so,  2pa.  2p«,  3da  and  3d».) . 


nterpolated  experimental  data 

Fite  et  a  1 7  . . 

Shah  and  Gilbody®  ....... 

Bayfield  and t  Khayrallah® 
Olson  et  al*°  . 
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INFLUENCE  OF  ROTATIONAL  COUPLING  ON  CHARGE  TRANSFER 
BETWEEN  MULTIPLY  CHARGED  IONS  AND  NEUTRAL  ATOMS  AT  LOW  ENERGIES 

M.  Gargaud  ,  R.  McCarroll*,  P.  Valiron*  and  G.  Zannoli* 

* 

Laboratoire  d  Astronomie  et  d  Astrophysique  (UA  352  du  CNRS),  Observatoire  de  l'Universite  de  Bordeaux  I, 
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The  aim  of  this  work  is  to  clarify  the  relative  im¬ 
portance  of  radial  a:.c*  rotational  coupling  in  the  quasi- 
moleeular  model  of  charge  transfer  of  multiply  charged 
ions  with  neutral  targets. 

The  dynamics  of  the  collision  is  treated  by  a  quan¬ 
tum  mechanical  formalism,  which  allows  us  to  cover  the 

range  of  thermal  eV  to  keV  energies.  A  model  potential 

!  ,2  . 

method  is  used  to  compute  the  required  molecular 
energies  and  the  corresponding  dynamical  coupling.  Pro¬ 
vision  is  made  to  account  for  translation  effects  by  the 

.  3  4 

introduction  of  appropriate  reaction  coordinates  ’  . 

The  results  presented  in  this  abstract  concern  the 

C^/H  system  which  has  been  the  subject  of  much  recent 

= _ 1.2.5-10  _ _ , . . , . 


investigation 


.  The  essential  features  can  be  most 


simply  understood  in  terms  of  the  diabatic  representation 
(figure  1)  in  which  the  matrix  elements  vary  smoothly  with 
R  in  contrast  to  their  complex  structure  in  the  adiabatic 
representation.  It  is  observed  that  the  only  important 
rot  '.onal  coupling  matrix  elements  are  these  between 
states  converging  to  the  saw  dissociation  limit.  It  is 
found  that  rotational  coupling  contributes  to  the  charge 
transfer  process  in  two  specific  ways.  At  low  energies 
(<  40  eV/.-mu),  its  influence  appears  to  be  localized  to 
the  vicinity  of  the  crossing  radius  Rx.  The  pure  sinusoi¬ 
dal  character  of  the  partial  wave  cross-sections  is  then 
preserved  (figure  2a).  At  higher  energies  (>,  50  eV/.imu) 
the  electronic  states  tend  to  decouple  from  the  inter- 
nuclear  axis  even  for  K<RX,  which  produces  an  additional 
peak  in  the  partial  wave  cross-sections.  Interference 
effects  tend  to  attenuate  the  sinusoidal  character 
associated  with  purely  radial  coupling  (figure  2b). 

-0.4  j— -r  •  -T-  -r  ■  r  r  f  r  i  t  •[  »  i  »  ,  -j 

-0.45  -  \  "'v  - 
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Intrrnuc l ear  distance  R(a0) 

Figure  ).  Vi  aba  tic  diagonal  matrix  ct  entente  Uh  atomic 
utuf.sl  petfruiung  to  the  channel 

( —  ]  and  the  I3pc  I . )  tt3;>c  ( - )  exit  channel*  in 

C**/H  collision. 
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Figure  2a, b.  Partial  wave  cn.044  section*  (  a/)  cap¬ 
ture  into  C *  (3p)  with  ( — )  and  without 

i - )  rotational  coupling  collision  ene^gie* 

29.5  el/famx  [^ig.  2a)  and  14 7.3  eV/amu  i^ig.  261. 

The  overall  effect  of  rotational  coupling  on  charge 
transfer  is  confined  to  a  relatively  narrow  enerpy  range 
around  150  eV/amu.  At  energies  lower  than  50  or  higher 
than  300  eV/amu,  the  effect  is  much  less  marked,  becoming 
negligible  for  energies  less  than  10  eV/amu.  The  inclu¬ 
sion  of  translation  effects  does  not  appreciably  modify 
the  results  for  energies  below  I  keV/amu. 

Our  results  are  in  good  agreement  with  Phaneuf  et 

g 

flf.  ar energies  less  than  50  eV/amu.  At  higher  energies, 
however,  our  computed  cross-sections,  in  comnon  with 
other  calculations^* lie  somewhat  (by  about  50%)  above 
the  experimental  data. 

Results  for  other  systems  will  be  presented  at  the 
conference . 
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LOW  ENERGY  CHARGE  TRANSFER  IN  ONE  ELECTRON  SYSTEMS 


G.J.  Bottrell  and  T.G.  Heil 

Department  of  Physics  and  Astronomy,  University  of  Georgia,  Athens,  Georgia  30602 

We  have  examined  the  total  cross-sections  for 

2+  3+ 

charge  transfer  in  the  one  electron  systems  He  ,  Li  , 

Be‘*+,  B®+,  and  C^+  colliding  with  hydrogen.  The  colli¬ 
sion  energies  are  up  to  100  eV.  The  approach  used  is 
fully  Quantum  mechanical  and  uses  a  diabatic  represen¬ 
tation  that  is  a  generalization  of  that  of  F.  Smith. 

Our  basis  set  size  ranged  from  two  to  thirteen  states 
(all  o  states),  in  an  effort  to  study  the  convergence 
of  the  cross-sections  and  diabatic  states  with  respect 
to  the  molecular  basis  set.  Convergence  studies  with 
respect  to  angular  couplings  are  in  progress. 

*Supported  by  the  National  Science  Foundation. 


POTENTIAL  CURVES  AND  COUPLING  ELEMENTS  FOR  CHARGE  TRANSFER  IN  A1 
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Adiabatic  potential  curves,  electronic  wavefunc- 

tions  and  radial  coupling  matrix  elements  have  been 

2  + 

computed  for  four  states  in  the  :  manifold  leading 
to  the  separated  atom  limits  Al+3  +  H  and  Al+^  (^S,  ^P, 
20)  +  H+.  The  basis  set  of  Slater-type  functions  was 
optimized  for  the  specific  atomic  limits.  In  order  not 
to  prejudice  the  calculations  to  describe  only  the 
ground  state  accurately,  a  single-excitation  configu¬ 
ration  interaction  (Cl)  calculation  to  obtain  natural 
orbitals  n:  for  the  four  ^ states  was  devised.  These 
natural  orbitals  were  then  treated  equivalently  in  a 
first-order  Cl  calculation.  The  asymptotic  energy 
splittings  are  within  1-2-  of  the  experimental  values 
which  indicates  that  the  calculated  crossing-points  of 
these  potential  curves  should  be  very  accurate.  Elec¬ 
tric  dipole  transition  moments,  and  radial  coupling 
matrix  elements  computed  using  the  one-electron  operator 
N  Z, 

:  — 7  are  given  as  functions  of  internuclear 

i  "1  7 

separation,  R.  These  curves  and  matrix  elements  have 
been  transformed  to  a  Galilean  invariant  diabatic 
representation.  Quantal  scattering  calculations  are  in 

progress  using  these  diabatic  curves  and  couplings  to 

+2  2  2  2 

predict  cross-sections  for  forming  A1  (  S,  P,  D) 
ions  in  collisions  of  Al+^  and  H. 
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CROSSED- BEAM  STUDY  OF  THE  SINGLE-CHARGE  TRANSFER  PROCESS  Hg++(1S)  *  Kr(1S) 
Hg*(2S)  *  Kr*(2PJ/2>  2pv2^  "'T  eV  COLLISION  ENERGIES 
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As  a  part  cf  a  systematic  scattering  in¬ 
vestigation  of  the  single-charge  transfer  pro¬ 
cesses  of  doubly-charged  ions2,  ^  ,  vie  under¬ 
took  a  crossed  bean  study  cf  the  title  proces¬ 
ses  where  the  spin-orbit  states  of  the  Kr*(2P) 
product  could  be  resolved.  The  experiments 
were  carried  out  on  the  scattering  apparatus 
EVA  II-*  and  the  range  of  collision  energies  co¬ 
vered  was  0.9  through  2.7  eV.  Because  of  kine- 
natic  reasons,  the  Hg *  product  ions  were  mea¬ 
sured,  although  the  signals  of  Kr*  could  be  de¬ 
tected  also. 

The  large  spin-orbit  splitting  of  the 

Kr*(2P)  states,  0.65  eV,  made  it  possible  to 

distinguish,  the  regions  of  scattering  of  Hg* 

due  to  the  formation  of  Kr  (  P,,_)  and  Kr* 

2  ->/z 

(  P-yj)  as  separate  features  in  the  scattering 

diagrams  of  Hg*.  Using  standard  procedures,  CM 
angular  distributions  pertinent  to  the  forma¬ 
tion  of  these  two  states  of  Kr*  (state-selec¬ 
ted  relative  differential  cross  sections)  were 
evaluated  together  with  the  ratio  of  the  total 
cross  sections  6  (3/2)  and  d*(l/2)  of  forming 
r*(“'jy2)  end  Lr  (  pi/2^  '  resPect  ively ,  in  de- 

1.0  Pm  -I  I  I  ■  -T  ”3  ~  I  1  T- 


pendence  on  collision  energy. 

Figs.  1  and  2  show  the  relative  differen¬ 
tial  cross  sections,  ^ (I?*)  ,  at  collision 

energies  T=0.92  and  2.71  eV,  respectively.  The 
areas  under  the  curves  at  a  given  collision  e- 
nergy  are  normalized  to  the  ratio  of  tf*(3/2) 
and  ^(1/2). 

The  formation  of  both  l<r*(2p  ._)  and  Kr* 

2  ^ 

(  pi/2)  results  in  strong  forward  peaking  of 

Hg*. 

A  preliminary  quas iclas s ical  calculation 
for  Kr*(2p  ^)  based  on  the  ion-induced  dipole, 
VID'  apd  Coulomb  potentials  between  the  reac¬ 
tant  and  product  pairs,  respectively,  leads  to 
an  adequate  description  of  the  strong  forward 
peaking  of  Hg*  due  to  the  Kr*(2P,^,2)  formation. 

The  value  of  the  ratio  3/2 )/  (1/2)  at 

T=2 . 71  eV  compares  well  with  that  of  b2gx(3/2)/ 

bmax<1/2>  where  W^ID^cr)^)17-  Rcr* 
Rcr(3/2)=3.4  8  and  Rcr(l/2)=3.8  8  are  the  res¬ 
pective  crossing  separations  of  the  diabatic 
terms.  With  decreasing  collision  energy  the 
cross  section  ratio  increases  faster  than  the 
rutio  of  b2ax. 
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RTSONANCE  STATES  OF  ML'LTI PLY-CHAR  JED  MCLEC"LAP  IONS 
S.  Preston  and  A.  Dalgarno 

Harvard-Smithsonian  Center  for  Astrophysics ,  Cambridge,  MA  0213a  PSA 


Multiply-charged  molecular  ions  XA  may  be  created 

n* 

by  the  approach  of  a  highly-ionized  atomic  system  X 
and  a  neutral  atom  A  if  the  potential  well  arising  from 
the  attractive  long  range  polarization  interaction  is 
deep  enough  to  contain  bound  vibrational  levels.  In  a 
diabatic  representation,  one  potential  energy  curve  is 
crossed  by  the  repulsive  potential  of  a  lower-lying 
electronic  state  which  separates  into  the  charged 
products  X(n  ^  +  and  A+.  The  bound  levels  are  properly 
characterized  as  diabatic  Feshbach  resonances  whose 
decay  widths  give  the  rates  of  predissociat ior.  into  the 
vibrational  continuum  of  the  repulsive  diabatic  elect ro- 
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In  the  alternative  adiabatic  representation,  the 
two  potential  curves  undergo  an  avoided  crossing.  A 
potential  well  may  be  induced  in  the  lower-lying  elec¬ 
tronic  state  by  its  interaction  with  the  higher-lying 
state.  The  bound  levels  are  then  characterized  as  shape 
resonances  whose  lifetimes  are  determined  by  the  rates 
of  tunnelling  through  the  potential  barrier. 

An  exact  treatment  requires  the  solution  of  the 
coupled  equations  of  nuclear  motion  in  the  interacting 
electronic  states  in  which  one  channel  is  closed  and  the 
others  open.  We  have  solved  the  equations  for  several 
of  the  molecular  systems  involved  in  the  charge  transfer 
of  doubly  and  trebly  charged  ions  of  carbon,  nitrogen 
and  oxygen  with  atomic  hydrogen^.  To  avoid  the  loss  of 
linear  independence  that  occurs  in  classically  forbidden 
regions  we  used  an  orthonormalization  technique  similar 
to  that  described  by  Scott  and  Watts*1. 

Depending  on  the  strength  of  the  coupling,  the 
diabatic  or  the  adiabatic  representation  may  produce  a 
more  satisfactory  zero  order  description  of  the  bound 
states.  Examples  will  be  presented. 
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CHARGE  TRANSFER  OF  HE LI CM  IONS  IN  NEON 
B.  Zygelman  and  A.  Da  lea  me 

Harvard-F-.ithsor.ian  center  for  Astrophysics,  Cambridge,  Massachusetts  02138,  U.S.A. 

Charge  transfer  of  He  ions  in  collisions  with  neon 
atoms  may  occur  by  a  radiative  process  in  which  a  photon 
it  emit  fed  during  the  collision  and  by  a  non- radiative 
process  driven  by  the  action  of  the  nuclear  kinetic 
energy.  Experimental  evidence  for  the  radiation  pro¬ 
cess  has  beer,  obtained  at  thermal  energies^  and  a 
detailed  theoretical  model  has  beer,  developed”.  At 
thermal  energies,  the  non- radiative  process  is  slow  but 
at  some  higher  energy  it  will  become  more  rapid  than 
radiative  charge  transfer. 

Calculations  will  be  reported  of  the  cross  sections 
for  the  charge  transfer  processes  drive  by  the  nuclear 
radial  coupling  of  the  X-’"*  and  states  of  the 

HeV--  molecule.  The  adiabatic  potential  energy  curves 
were  constructed  by  the  RXR  method^.  The  adiabatic 
coujlmg  matrix  elements,  corresponding  to  an  origin 
at  the  center  of  mass  of  the  nuclei  has  been  calculated 
by  Rarat  et  al.3.  In  order  to  explore  the  sensitivity 
of  the  cross  section  to  the  coordinate  origin  we  used 

2 

the  transition  dipole  moment  of  Cooper  et  al .  to 
derive  the  coupling  for  an  origin  on  either  one  of  the 
two  nuclei . 

The  cross  sections  were  obtained  by  transforming 
to  a  diabetic  basis'1  and  solving  the  resulting  pairs  of 
coupled  equations.  At  very  low  energies  the  cross 
sections  are  sensitive  to  the  choice  of  origin  but  are 
also  negligible  compared  to  the  radiative  cross  sections. 

At  higher  energies,  the  choice  of  origin  has  little 
effect.  The  radiative  and  nor.-radiative  cross  sections 
become  equal  at  a  relative  energy  of  40eV  with  a  value 
of  about  3xlo  “'^crrT.  At  1300eV,  the  non-radiative  cross 
section  has  increased  to  2x10  ^cm^,  orders  of  magnitude 
larger  than  the  radiative  cross  section. 
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THE  CHARGE  TRANSFER  CROSS  SECTION  FOR  Xe  (  P3/2)  IONS  IN 
Xe  OVER  THE  ENERGY  RANGE  0.4  to  4.5  eV  (LAB) 


P.  Larsen  and  M.T.  EIford+ 
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Res.  School  Phys.  Sciences, 

The  analysis  of  ion  mobility  data  enables  the  cross 
section  for  resonant  charge  transfer  to  be  obtained  at 
low  ion  energies  where  alternative  beam  techniques  are 
either  difficult  or  subject  to  large  uncertainty.  In  the 
present  work  measurements  were  made  of  the  mobility  of 
Xe+  ions  in  Xe  using  a  variable  length  drift  tube  of  the 
Tyndall-Powell  four-gauze  type^.  The  E/N  and  pressure 
ranges  used  were  from  50  to  10,000  Td  (where  E  is  the 
electric  field  strength,  N  the  gas  number  density; 

I  Td  *  10  volt  m")  and  from  3.5  to  92  Pa.  The  ions 
were  produced  by  electron  impact  using  electrons  obtained 
by  1-particle  ionization. 

Due  to  spin  orbit  coupling  two  Xe+  species  are 
observed  J[Xe  (“P^9)  and  Xe  (  ^3/2U  *n  the  arrival  time 
spectrum.  The  ion  current  maxima  due  to  each  species 
was  obtained  by  deconvolution  and  their  identity 
established  by  comparison  with  the  data  of  Helm". 

Particular  care  was  taken  to  minimize  errors  due  to 
the  shutter  open  time  effect  noted  by  Hegerberg  ct  zl,* 
The  estimated  absolute  error  of  the  mobility  values  is 
•  •  1'  over  the  full  F./N  range  for  the  Xe+(2p..2/  ions, 
and  '  *  1.3'  for  the  Xe  (  P^ ions  for  E/N  <  190  Td 
rising  to  <  *  6’;  at  900  Td.  This  was  the  highest  E/N 
value  for  which  the  deconvolution  procedure  for  the 
Xe  ion  was  considered  reliable.  Over  the  common 

E/N  range  the  present  data  agree  to  within  the  stated 
experimental  errors  with  the  only  previous  high  precision 
mobility  data  for  Xe*  ions  in  Xe,  those  of  Heltn.^ 

The  resonant  charge  transfer  cross  section  for 
+  2 

Xe  (  P^,,,)  ions  in  Xe  was  derived  using  the  theory  of 
Skullerud*  and  the  procedure  described  by  Hegerberg  ■ 

*  Only  data  for  E/N  values  greater  than  2300  Td  were 
used  in  the  analysis  in  order  to  conform  to  the 
assumptions  of  the  Skullerud  mobility  formula.  It  is 
for  this  reason  that  it  was  not  possible  to  derive  the 
charge  transfer  cross  section  for  Xe*(  Pj/7)  ions  by 
this  procedure. 

The  charge  transfer  cross  section  shown  in  Figure  l 
(curve  Pi  is  estimated  to  have  an  absolute  error  of 
*■'  *  5’  and  to  extend  over  the  energy  range  0.4  to  4.3  eV 
(lab'.  The  present  cross  section  agrees  with  the  quantum 
mechanical  calculation  of  Sinha  and  Bardsley  to  within 
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FICURE  1.  The  resonant  charge  transfer  cross  section  for 
Xe  ions  in  Xe:  (P)  -  Present  (  P3/9):  •  Koizumi  •  f 

rt."-*3  (injected  icn-drift  tube);  H  Ziegler'  (beam 

2  2  5 

experiment  >•  -  <  Pl/2>'<  P3/2>  ,  Sinha  and  Bardsley 

(theoretical); - (S)  ,  Sheldon^  (theoretical); 

Q  _ 

-  (RP)  Rapp  and  Francis  (theoretical).  The  quoted 

errors  bars  of  the  experiment  .lly  derived  cross  sections 
are  as  shown. 
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the  experimental  error.  Over  the  common  energy  range  the 
present  cross  section  agrees  with  previous  experimental 
cross  sections  to  within  the  quoted  uncertainties. 
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DIFFERENTIAL  CHARCE-TRANSFER  CROSS  SECTIONS  FOR  0+(“S)  and  0+(2D)  IONS  WITH  ATMOSPHERIC  GASES 
D.  A.  Schafer,  J.  H.  Newman,  K-  A.  Smith,  and  R.  F.  Stebbings 
Space  Physics  and  Astronomy  Department,  Rice  University,  Houston,  TX  USA 


Energetic  0*  ions  precipitate  into  the  earth's 
atmosphere  during  periods  of  geomagnetic  activity.’1 
These  ions  collide  with  the  ambient  atmospheric 
particles,  resulting  in  thermospheric  heating  and 
production  of  a  flux  of  upward-moving  neutral  parti¬ 
cles  that  may  escape  the  atmosphere.  Differential 
cross  sections  for  the  atomic  collision  processes 
involved  are  required  to  make  accurate  models  of 
these  precipitation  events. 

Absolute  differential  cross  sections  for  charge 
transfer  of  1.5  and  5  keV  0+(*S)  and  0*(2D)  ions 
with  He,  H  t,  N’2,  02,  C02  and  S02  are  presented  for 
laboratory-frame  scattering  angles  between  0.05°  and 
5°*  The  apparatus  is  shown  below. 


COMPVTt* 


Ions  produced  in  an  electron-impact-sustained 
plasma  ion  source  are  formed  into  a  beam  that  is 
momentum-analyzed  by  a  pair  of  60°  sector  magnets. 
Two  25-micron  diameter  holes  separated  by  10  cm 
coliiraate  the  beam  before  it  enters  the  target  cell. 
All  ions  exiting  the  cell  are  deflected  by  plates 
DP2 ,  and  neutral  products  of  charge-transfer 
reactions  in  the  target  cell  impact  the  position- 
sensitive  detector  (PSD).  The  PSD  determines  the 
location  of  particle  impacts  on  its  surface  to  an 
accuracy  of  about  100  microns,  and  an  LSI-11  micro¬ 
processor  accumulates  the  position  information  until 
the  angular  distribution  of  reaction  product  is 
determined. 

Absolute  cross  sections  are  found  by  measuring 
both  the  primary  ion  beam  and  the  scattered  neutral 
product  with  the  PSD,  after  determining  the  relative 
efficiency  of  that  detector  for  ions  and  neutrals  of 
the  same  species  and  energy.  The  PSD  calibration 
for  neutrals  is  made  by:  (1)  measuring  the  primary 
ion  beam  flux  at  the  PSD,  (2)  converting  a  large, 
but  known,  fraction  of  that  beam  to  fast  neutrals  by 
charge  exchange  in  the  target  cell,  and  (3)  measur¬ 
ing  the  resulting  count  rate  at  the  detector.  This 
calibration  procedures  Is  effective  because  the  PSD 


subtends  a  relatively  large  solid  angle  when  viewed 
from  the  target  cell,  so  that  virtually  all  of  the 
collision  product  is  collected. 

The  ion  beam  Initially  contains  0+  in  both 
ground  (US)  and  excited  (2D)  states.  The  attenu¬ 
ation  method  developed  by  Turner  et  al.2  is  used  to 
determine  the  fraction  of  ions  in  each  state.  We 
use  a  similar  technique  to  produce  a  pure  ground- 
state  ion  beam.  The  cell  labelled  FC  in  the  figure 
above  is  filled  with  N2,  which  has  a  much  larger 
charge-transfer  cross  section  for  0+(2D)  than 
for  0+(**S).  The  N2  pressure  in  this  cell  is 
adjusted  to  remove  the  excited  species  from  the  beam 
by  charge  exchange,  leaving  a  relat ively-pure 
ground-state  beam.  Differential  charge-transf er 
cross  sections  are  then  measured  for  both  the  pure 
ground-state  beam  and  for  a  beam  containing  both 
ground  and  excited  states.  Since  the  fraction  of 
ions  in  each  state  is  known,  the  excited-state 
differential  charge  transfer  cross  section  is 
determined  by  subtracting  the  pure-ground-state  data 
from  the  mixed-state  data. 

The  results  presented  below  represent  the  first 
measurements  of  differential  charge-transfer  cross 
sections  for  excited-state  0+  ions  with  N2*  As 
expected,  the  differential  cross  section  for  the 
nearly-resonant  0+(2D)  reaction  is  much  more  strong¬ 
ly  forward-peaked  than  that  for  the  ground  state. 


log (  LAB  ANGLE,  deg) 
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ELECTRON  CAPTURE  FROM  Li(2s)  BY  2  -  20  keV  C+,  N+  AND  O' 
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C+.  N*  and  0+  each  have  low  lying  excited  states,  some 
of  them  being  metastable.  If,  as  usual,  metastable  ion 
beam  fractions  are  not  known,  collisional  studies  with 
such  ions  are  subject  to  considerable  uncertainty.  We 
are  interested  whether  a  recently  developed  technique 
for  measuring  multi-charged  metastable  ion  beam 
fractions  (socalled  X3C  method  for  excitation  by 
core-conserving  electron  capture  /!/)  is  also 
applicable  to  singly  charged  ion  species.  To  this 
purpose,  the  extent  of  core  conservation  during 
electron  capture  from  suitable  atoms  as  Li(2s)  has  to 
be  investigated. 

Karlier  work  on  state-selective  capture  from  Li(2s)  by 
protons  / 2/  or  Ne+  ions  / 3/  revealed  a  dominant 
population  of  such  excited  states,  for  which  the 
reaction  energy  defects  are  smallest.  For  capture  by 
C+,  N  or  0+  from  Li(2s),  electron  transfer  into 
respective  3s  neutral  states  should  be  most  probable, 
because  corresponding  energy  defects  are  smaller  than 
for  the  other  possible  capture  channels.  Cross 
sections  for  such  near-resonant  capture  processes  can 
be  calculated  by  semiernpirical  methods  /4/,  the  success 
of  which  is  of  general  interest  for  other  similar 
capture  processes.  Apart  from  this,  C,  N  and  0  are 
prominent  fusion  plasma  impurities,  which  can  possibly 
be  detected  by  means  of  Li  beam-activated  charge 
exchange  spectroscopy  / 5/ ,  which  demands  knowledge  of 
correspond ing  state-selective  electron  capture  cross 
sec  t ions. 

i'or  the  present  studies,  C+,  N+  or  0+  ion  beams  have 
been  produced  with  a  plasma  source  supplied  by  various 
;:nses  or  vapours,  it  is  known  that  metastable  ion  beam 
tractions  can  critically  depend  on  the  ion  source 
1  ceding  substance,  cf.  e.g.  /ft/. 

I'  i .  1  shows  total  cross  sections  for  electron  capture 
1  rom  Li  (2s)  by  C  ,  N+  and  0  respectively,  which  have 
b"en  measured  in  the  same  way  as  for  !I+-Li  collisions 
/ 7 / ,  using  the  latter  data  at  10  keV  for  calibration. 
So  far,  within  the  presently  achieved  accuracy  of  about 
2'>  Z,  no  difference  in  the  cross  sections  showed  up 
when  producing  the  primary  ions  from  different  source 
feeding  gases,  which  seems  to  support  our  hypothesis  of 
ion  core  conservation  in  capture  from  Li (2s).  With  the 


latter 

assumption , 

we  have 

been  able  to  explain  our 

data 

shown  in 

fig.  1 

with  semiernpirical 

E  (keV) 

Fig.  1:  Total  single  electron  capture  cross  sections 
lor  impact  of  C+ ,  Nf  or  0f  on  Li (2s), 
vs.  impact  energy  K. 

calculations  /4/  as  earlier  referred  to,  taking  into 
account  the  slightly  different  energy  defects  lor  the 
three  ion  species. 

Further  investigations  along  these  lines  together  with 
vuv  spectrosopy  in  view  to  state-selecti ve  electron 
capture  and  metastable  ion  beam  fraction  measurements 
by  means  of  X3C  arc  in  progress. 
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STATE  SELECTIVE  AND  TOTAL  ELECTRON  CAPTURE  IN  H  -Li ( 2s )  COLLISIONS  (2  -  20  keV) 

Friedrich  AUMAYR  and  ilannspeter  WINTER 
Institut  fur  Allgemeine  Physik,  TU  Wien,  Austria 


Recently,  the  first  extensive  experimental 
study  of  total  and  state  selective  electron 

capture  in  H+-Li(2s)  collisions  at  impact 

1-3 

energies  of  2  -  20  keV  has  been  presented 
The  i n ves t i ga t i ons  involved  Li(2p)  excitation, 
state  -  selective  electron  capture  into  H ( 2  p ) 
and  11(3,5.)  subshells,  and  direct  determination 
of  total  capture  cross  sections. 


Electron  transfer  in  relatively  slow 
(v<l  a.u.)  H+-Li(2s)  collisions  can  be 
described  as  a  quasi  -  one  electron  process, 
and  a  comparison  between  our  experimental 
results  and  respective  calculations^”^  Is  of 
considerable  interest.  There  is  also  a 
practical  application  of  this  collision  system 
for  Li  -  beam  -  activated  charge  exchange 
spectroscopy  of  magnetically  confined  plasmas 
(see  e.g.  ref.l). 

For  the  sake  of  completeness  and  to  check  the 
consistency  of  our  previous  measurements, 
electron  capture  into  the  metastable  H(2s) 
subshell  has  now  been  investigated  at  impact 
energies  between  2  -  20  keV: 

ll+  +  Li  ( 2s )  •*  H(2s)  +  t.i  + 

For  detection  of  II  (2s)  atoms,  the  use  of  both 
electrical  field  quenching  and  dye  laser 
fluorescense  spectroscopy  has  been  considered, 
finally  using  the  first  method.  Results  of 
these  measurements  are  shown  in  fig.  1. 

I  H+  +  Li|2s) Hl2s)  ♦  Li* 


•  «ip*rla«nl  (Ihii  wock| 


0  S  W  IS  20 

E  (keV) 

Fig.  1.  Absolute  cross  sections  for  capture 
into  li(2s)  subshell  for  H+-Li(2s) 
col  l  isioris. 

Since  all  significant  partial  capture  cross 
sections  for  H+-Li(2s)  collisions  are  now 


available,  the  sura  of  these  can  he  compared 

with  the  total  single  electron  capture  cross 
3 

section  0^  as  shown  in  fig.  2. 

Satisfactory  agreement  within  the  combined 
error  limits  is  found  and  thus  proves  the 
consistency  of  our  measurements. 


H  *  Li  (2s)  — 


Jj  Hln.l)  *  Li* 


.  V  'V'V 

.m  m 


►  •  "  *  *>  *  M  1 


Fig.  2.  Comparison  of  total  capture  cross 

sections  obtained  by  either  summing 
up  of  significant  state  -  selective 
capture  cross  sections  or  from 
direct  measurements. 

In  the  present  contribution  a  detailed 
comparison  of  our  cross  section  data  for 
various  inelastic  channels  with  all  available 
calculations  will  be  presented  and  discussed. 
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DIFFERENTIAL  CROSS  SECTIONS  FOR  30,  66.7,  AND  150  k.eV  Mg  ELECTRON  CAPTURE  FROM  He  " 
E.  Redd,  D.  M.  Blankenship,  D.  G.  Seely,  T.  J.  Gay,  J.  L.  Peacher*  and  J.  T.  Park 
University  of  Missouri-Rolla,  Rolla,  Missouri  65401  USA 


Differential  electron  capture  cross  sections  have 
been  obtained  for  30,  66.7,  and  150  keV  Mg+  colliding 
with  He  using  the  University  of  Missouri-Rolla  Ion 
Energy-Loss  Spectrometer  (UMRIELS).^  The  cross  section 
measurement  at  66.7  keV  is  absolute.  The  cross  sec¬ 
tions  have  structure  consistent  with  qualitative 
descriptions  of  Quasi-One-Electron  (QOE)  collision 
systems.  The  structure  is  most  marked  at  30  keV  and 
is  least  marked  at  150  keV. 

?4  + 

Mg  ions  were  produced  in  a  Colutron  ion  source. 
The  ions  were  accelerated  to  the  desired  energy  and 
collimated  prior  to  the  scattering  region.  The  accel¬ 
erator  and  entrance  collimation  were  rotated  about  the 
scattering  center  to  determine  angular  scattering 
dependence.  After  the  scattering  region  a  magnet 
steered  the  ions  to  the  desired  detector  while  fast 
neutrals  resulting  from  electron  capture  were  unde¬ 
flected  and  struck  the  neutral  detector.  The  ions 
were  normally  deflected  to  the  ion  energy-loss  detector 
but  if  undeflected,  the  ions  struck  the  neutral  detec¬ 
tor.  Relative  differential  electron  capture  cross 
sections  were  obtained  by  measuring  the  angular  de¬ 
pendence  of  the  neutral  detector  signal. 

If  the  detector  efficiencies  for  ions  and  neutrals 
are  the  same,  absolute  cross  sections  will  be  obtained. 
Using  the  neutral  detector  in  four  ways  has  the  possi¬ 
bility  of  showing  the  detector  efficiencies  to  be 
equal.  Integration  of  the  angular  distributions  were 
performed  for:  current  mode  fast  neutrals,  current 
mode  ions,  pulse  mode  fast  neutrals,  and  pulse  mode 
ions.  Since  the  quotient  from  dividing  current  mode 
neutrals  by  current  mode  ions  is  the  same  as  dividing 
pulse  mode  neutrals  by  pulse  mode  ions,  the  detection 
efficiency  is  assumed  to  be  the  same  for  both  fast 
neutrals  and  ions.  These  equal  quotients  can  then  be 
divided  by  the  number  of  scatterers  to  determine  the 
total  electron  capture  cross  section. 

The  above  procedure  was  used  to  obtain  the  total 
cross  section  value  of  1.76  ±  0.44  x  10  *  cm"  for  the 
66.7  keV  differential  electron  capture  cross  section 
shown  in  the  Figure.  The  analog  and  pulse  mode 
measurements  implied  the  detection  efficiencies  were 
equal  for  Mg  ions  and  neutrals  at  this  energy. 

The  differential  cross  section  shows  a  definite 
structure.  The  cross  section  falls  to  a  local  minimum 


-14  ? 

at  0  mrad  and  1.5  t  0.2  x  10  cm"/sr  at  11.5  mrad. 

This  behavior  is  consistent  with  the  qualitative  QOE 
scattering  explanations,^  i.e.  excitation  to  the  elec¬ 
tron  capture  states  requires  the  cores  to  interpene¬ 
trate.  For  the  Mg+  -  He  system  this  should  occur  for 
R  <  1.9  a.u.  By  using  a  potential  given  by  Sondergaard 
and  Mason^  the  differential  cross  section  can  be  con¬ 
verted  into  probability  vs.  impact  parameter.  The 
probability  reaches  a  maximum  of  0.31  at  impact 
parameter  of  0.92  a.u.  The  probability  has  a  broad 
maximum  at  impact  parameters  less  than  1.3  a.u.  The 
differential  electron  capture  cross  section  structure 
further  implies  the  validity  of  the  qualitative  QOE 
scattering  explanations  even  though  no  quantitative 
calculations  are  available  for  comparison. 


Work  supported  in  part  by  the  National  Science 
Foundation. 
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DOUBLE  TARGET  IONIZATION  RESULTING  FROM  SINGLE  CHARGE  TRANSFER  IN 
H+,  He++  -  NEON,  SODIUM  AND  MAGNESIUM  COLLISIONS* 

R.  D.  DuBois 

Pacific  Northwest  Laboratory,  Richland,  WA  99352  (USA) 


Electron  transfer  is  an  effective  method  of  pro¬ 
ducing  target  ionization  in  slow  ion-atom  collisions. 
Most  experimental  studies  of  charge  transfer  observe 
only  the  final  projectile  charge  states  -  hence  only 
total  single  electron  transfer  cross  sections  are  mea¬ 
sured.  By  measuring,  in  addition,  the  final  target 
ionization  charge  state  in  coincidence  with  the  final 
projectile  charge  state  the  pure  charge  transfer  pro¬ 
cess  oilO  can  be  separated  from  the  processes  where 
additional  ionization  occurs  0^3  •  Here  the  super¬ 
scripts  refer  to  the  projectile  initial  and  final 
charge  states  while  the  subscript  gives  the  final  tar¬ 
get  charge  state.  It  has  been  previously  observed^ 
that  in  very  low  energy  collisions  the  double  target 
ionization  channel  can  be  as  large  or  larger  than  the 
single  target  ionization  channel.  This  is  due  to  the 
limited  channels  that  are  energetically  available. 

In  the  present  work,  neon,  sodium  and  magnesium 
targets  are  investigated.  They  have  a  filled  outer 
shell,  a  single  outer  shell  electron,  and  two  outer 
shell  electrons  respectively.  Data  are  presented  for 

target  ionization  charge  state  production  due  to  single 
electron  transfer  to  the  projectile.  Impact  energies 
are  less  than  200  keV.* 

Figure  1  shows  spectra  of  magnesium  ions  produced 
by  15  keV  (lower  curve)  and  100  keV  (upper  curve)  pro¬ 
ton  impact.  Note  that  for  the  lower  impact  energy  Mg+ 
production  dominates  while  at  higher  energies  Mg2+ 
dominates.  The  cross  sections  shown  in  Figure  2  indi¬ 
cate  that  the  relative  amount  of  double  ionization  in¬ 
creases  dramatically  in  going  from  neon  to  magnesium. 
This  is  because  single  ionization  of  neon  occurs  via  2p 
capture  while  double  ionization  is  by  simultaneous  2p 
capture  and  2p  ionization.  For  magnesium,  however, 
single  ionization  occurs  via  3s  capture  whereas  double 
ionization  occurs  via  3s  capture  plus  3s  ionization,  3s 
capture  plus  2p  ionization,  2p  capture  plus  3s  ioniza- 
ionization  or  2p  capture  followed  by  an  Auger  decay. 

For  lower  energies  double  ionization  is  via  3s  capture 
plus  3s  ionization  while  at  higher  energies  it  is 
probably  via  2p  capture  and  an  Auger  process. 

He++  impact  data  will  also  be  presented. 

*D0E  Contract  DE-AC06-76RL0  1830 

Reference:  1.  W.  Groh,  A.S.  Schlachter,  A.  Muller  & 

E.  Salzborn,  J.Phys.3  Lett. 15  1207  (1982)  and 
references  therein. 
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LOW  ENERGY  ELECTRON  CAPTURE  BY  FULLY  STRIPPED  LIGHT  IONS  FROM  H  AND  H2 
F.  W.  Meyer,  A.  M,  Hovald,  C.  C.  Havener,  and  R.  A.  Phaneuf 


Physics  Division,  Oak  Ridge  National  Laboratory* 
Oak  Ridge,  Tennessee  37831  USA 


Measurements  of  total  electron  capture  cross 
sections  for  fully  stripped  and  H-like  C,  N,  0,  F,  and 
Ne  ions  incident  on  H  and  H2  have  been  performed  in  the 
energy  range  0.2  to  10  keV/amu  using  ion  beams  produced 
by  the  ORNL  ECR  multicharged  ion  source.1  The  experi¬ 
ment  employs  the  ORNL  atomic  hydrogen  gas  target,  a 
directly  heated  tungsten  tube  in  which  molecular  hydto- 
gen  is  thermally  dissociated.  A  collimation  section 
preceding  the  target  limits  the  magnetically  charge 
analyzed  Incident  beam  to  a  divergence  of  ±1.7  or,  and 
1  ran  cross  section  inside  the  target.  Immediately 
downstream  of  the  collision  target  cell,  charge  analysis 
occurs  in  an  electrostatic  parallel-plate  analyzer.  A 
single  CEM  operated  in  pulse-counting  mode  is  employed 
for  particle  detection.  The  electron-capture  signal  and 
primary  beams  are  measured  alternately  for  a  preselected 
number  of  cycles  under  computer  control,  and  the  total 
electron  capture  cross  section  is  deduced  from  the  frac¬ 
tion  of  ions  which  capture  an  electron  at  a  known  (cali¬ 
brated)  target  thickness. 

Figure  1  shows  the  experimental  electron  capture 
cross  section  results  obtained  for  the  measured  fully 
stripped  light  ions  Incident  on  atomic  and  molecular 
hydrogen.  The  error  bars  shown  reflect  random  uncer¬ 
tainty  in  terms  of  reproducibility  of  the  measurements 
at  two  standard  deviations.  Systematic  uncertainties 
are  estimated  to  be  ±92. 

In  the  case  of  the  fully  stripped  C,  N,  and  0  pro¬ 
jectiles  incident  on  H,  the  present  measurements  can  be 
compared  to  theoretical  calculations.  Very  good  agree¬ 
ment  is  found  between  the  present  results  for  C6*,  N7+, 
and  09+  incident  and  H,  and  the  close-coupling  calcula¬ 
tions  of  Frltsch  and  Lin^  employing  a  modified  atomic- 
orbital  (AO)  expansion.  While  falling  systematically 
below  the  AO  calculations,  the  discrepancy  is  less  than 
20%  at  energies  above  1.5  keV/amu,  and  approaches  40%  at 
the  lowesc  energies  measured •  For  C6+  and  08+  incident 
on  H,  close  coupling  calculations  by  Green  et  al.3  and 
Shipsey  et  al.\  respectively,  employing  a  molecular- 
orbital  (MO)  expansion  are  also  in  reasonable  accord 
with  the  present  results.  The  MO  results  lie  systemati¬ 
cally  above  the  AO  calculations  by  about  10%  above  1 .0 
keV/amu,  and  by  as  much  as  40%  at  0.2  keV/amu. 

References 

*0perated  by  Martin  Marietta  Energy  Systems,  Inc.,  for 

the  U.S.  Department  of  Energy  under  contract  No. 

DE-AC05-840R2 1 400 • 

1.  F.  W.  Meyer,  to  be  published  in  NIM  (March  1985). 

2.  W.  Fritsch  and  C.  D.  Lin,  Phys.  Rev.  A  29,  3039 

(1984). 

3.  T.  A.  Green,  E.  J.  Shipsey,  and  J.  C.  Browne,  Phys. 

Rev.  A  25,  1364  (1982). 

4.  E.  J.  sTiTpsey,  T.  A.  Green,  and  J.  C.  Browne,  Phys. 

Rev.  A£7,  821  (1983). 

5.  R.  K.  Janev,  D.  S.  Belle,  and  B.  H.  Brandsen,  Phys. 

Rev.  28,  1293  (1983). 

6.  M.  N.  Panov,  A.  A.  Basalev,  and  K.  0.  Lozhkin, 

Phys.  Scr.  T3,  124  (1983). 

7.  R.  A.  PhaneuT,  I.  Alvarez,  F.  W.  Meyer,  and  D.  H. 

Crandall,  Phys.  Rev.  A  26,  1892  (1982). 


I 


E  10 


2  - 
0 

tO  - 


N*  7  ♦  H 
N*7  ♦  H, 


*  11  ,  ,  i*i 


-  -  * 

0  -  •'  I  I  t-r 

.  ■  0*»  ♦  H 

10  .  0**  +  H, 


r- hr  f — 


I 


i  1  1  £ 


s  a 


I  I 


2  - 

0  1 - 1 — 4-  4  t  H  ! 


■ 


Ne*  J  ♦ 
*  Ne*’° 


’  *  ■  «  “ 

iT  ■ 


It!  I  Z  X"* 


■>e'  a.  ■' kev. 


FIGURE  1.  Total  electron  capture  cross  sections  for 
fully  stripped  C,  N,  0,  F,  and  Ne  ions  incident  on  H  and 
H 2 ;  data  points  with  error  bars  —  present  results  (solid 
diamonds  from  Ref.  7);  data  points  without  error  bars  — 
experimental  results  ot  Ref.  6.  Theory  curves  are  for 
atomic  hydrogen;  solid  curves  —  AO  calculation  (Ref.  2); 
dotted  curves  —  hu  calculation  (Refs.  3,  4);  chain-dashed 
curves  —multichannel  Landau  Zener  calculations  (Ref.  5), 
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10  KeV/q  Al '-^COLLISIONS  WITH  H2  AND  He  :  MOST  POPULATED  n  STATE  AND 
MEAN  1  VALUE  FROM  LYMAN  SPECTROSCOPY* 

D.  Vernhel,  A.  Touati,  P.  Bouisset,  A.  Chetioui.  J.P.  Rozet,  K.  Wohrer 
Institut  Curie  and  Universite  P  4  M  Curie,  11,  rue  P  4  \1  Curie,  75231  Paris  Cedex  05,  France 

and  C.  Stephan 

Institut  de  Physique  Nucleaire,  BP  n°l,  91405  Orsay,  France 


Highly  charged  ions  ( Al  *"  +  ,  A1  ^+)  have  been  recent¬ 
ly  produced  at  the  ECR  Minimafios  source  in  Grenoble CU. 
Ion  beam  intensities  (respectively  InA  and  50pA)  are 
not  high  enough  to  allow  high  resolution  spectroscopy  of 
Lyman,  Balmer...  series  which  provides  the  full  P(n.) 
distribution.  However  information  about  n  values  can 
be  obtained  by  recording  Lyman  spectra  emitted  after 
capture  with  a  high  efficiency  Si(Li)  detector  : 

(i)  The  most  populated  n  state  can  be  identified  by 
the  nmvalue  of  the  most  intense  direct  Lyman  X  ray 
since  coupled  state  calculations  ( 2)  predict  always 
that  P(n)  and  P(np)  distributions  maximize  for  the 
same  n  values. 

(ii)  The  proportion  of  p  states  populated  by  capture 

is  given  by  the  intensity  ratio  I  (direct  Lyman  X  rays)/ 
I(all  Lyman  X  rays).  Indeed  every n.  state  decays 
either  directly  (in  the  case  of  1)  or  after  a  cas¬ 
cade  to  the  Is  state  through  a  Lyman  emission  with 
a  nearly  unit  probability  as  shown  from  helium-like 
branching  ratios  (3). 

(iii)  The  mean  value  can  be  extracted  from  the  inten¬ 
sity  ratio  of  Lyman  3  and  Lyman  a  X  rays  which  result 
from  cascade  events  (4). 

Figure  1  shows  helium-like  Lvman  spectra  recor- 
12+ 

ded  for  AI  collisions  with  H.,  target  and  Table  1 
shows  experimental  values  for  nm,  percentage  of  p 
states  and  Corresponding  coupled  state  calculations 
for  P(n’  )  distributions  are  now  under  performance  (5). 
However  one  should  notice  that  since  two-electron 
targets  are  used,  transfer  ionization  rnd  autoionizing 
double  capture  processes  are  allowed  and  contribute 
to  the  Lyman  X-ray  spectrum.  Calculations  should 
include  these  two-electron  processes  for  the  compari¬ 
son  with  experiment  to  be  valid. 


*  Work  performed  at  CENG  AGRIPPA  .CEN-CNRS ,  85X  , 
38041  Grenoble  Cedex. 


12+ 

Figure  1  :  Lyman  spectrum  emitted  in  Al  ♦  H2  collisions. 
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Table  1  :  Experimental  values  of  n  .'ip,;,  for  Al 
collisions. 
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Measurement  of  Charge  Exchange  Cross  Sections  for  H  +  He  ■*  He  +  H(n=3,  ...  m.) 
M.  C.  Brower  and  F.  M.  Pipkin 

Lyman  Laboratory  of  Physics,  Harvard  University,  Cambridge,  MA  02138 


A  microwave-resonance  optical  detection  technique 
was  used  to  measure  the  partial  cross  sections  for 
charge  capture  into  the  individual  l,  states  of  the 
n=3  manifold  of  hydrogen  by  50  keV  protons  passing 
through  a  helium  target.  The  method  is  similar  to  that 
used  earlier  for  measurements  of  charge  capture  by 
protons  from  N.,  and  targets.'  A  number  of  improve¬ 
ments  were  made  so  that  one  could  determine  with  greater 
precision  the  small  partial  cross  sections  for  capture 
into  the  D  states. 

Figure  1  shows  a  schematic  diagram  of  the  experi¬ 
ment.  Neutral  hydrogen  atoms  formed  in  the  target  pass 
through  a  radiofrequency  interaction  region  which  can 
drive  transitions  among  the  states  in  the  n-3  manifold. 
After  emerging  from  the  rf  region,  the  Balmer-u  light 
emitted  at  right  angles  to  the  beam  by  the  atoms  is 
observed  with  a  detector  consisting  of  a  narrow-band 
interference  filter,  a  rotatable  polarizer,  and  a  cooled 
RCA  8852  photomultiplier  tube.  The  fractional  change 
in  light  detected  when  the  rf  field  is  switched  on  is 
proportional  to  the  difference  in  population  of  the 
states  coupled  by  the  field. 

Forodoy 

u*  _ _ ,  , _  cup 

-i!—  Pm—  Optical  - *i_ 

-»  I  rf  | — ►  I  Detector  - »J 

T_  t— 

polarization  polarizer 

Fig.  1.  Schematic  diagram  of  the  microwave  resonance 
optical  detection  experiment  used  to  study 
charge  exchange  collisions. 

2 

Two  principal  transitions  are  studied,  the  3  " 

''^P3/2  trans't’on  hear  2940  MHz  and  the  32 P^/ ^  -  32D5 
transition  near  1080  MHz.  The  rf  region  is  designed  to 
be  rotated  so  that  the  electric  field  is  either  parallel 
or  perpendicular  to  the  beam  direction  (the  axis  of 
quantization),  making  it  possible  to  drive  either  Am  =  0 
or  :jn  -  ■  1  transitions.  The  rf  region  can  also  be 
rotated  close  to  or  far  away  from  the  target  with  the 
field  remaining  parallel  to  the  beam.  In  addition,  the 
optical  polarizer  in  the  8almer-j  detector  can  be 
rotated  parallel  or  perpendicular  to  the  beam  direction 
in  order  to  distinguish  between  Am  =  0  and  Am  =  *  1 
decays.  The  total  of  twelve  independent  measurements 
(two  transitions,  three  rf  configurations,  two  optical 
polarizations)  provide  sufficient  information  to  de¬ 
termine  the  relative  cross  sections  for  capture  into 


each  of  the  angular  momentum  substates  of  the  n=3  mani¬ 
fold. 

The  velocity  of  a  50  keV  proton  is  roughly  uc.  The 
scattering  at  this  energy  lies  midway  between  the  low 
energy  regime  described  by  molecular  orbital  methods 
and  the  high  energy  regime  described  by  the  Born 
approximation.  The  measured  cross  sections  decrease  as 
i  increases  and  for  each  z  they  decrease  as  m,  increases. 

This  qualitatively  confirms  the  results  of  coupled  state 
2  3 

calculations  ’  and  of  other  more  conventional  calcula- 

4  5  6 

tions  *  if  one  includes  the  Burgdorfer  post-collision 

interaction  corrections.  Detailed  comparisions  will  be 

made  with  the  theories  and  measurements  of  the  density 

matrix  for  charge  capture  into  the  n=3  state  by  Havener, 

et  al . 7 
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CHARGE  TRANSFER  IN  H+  +  Na  COLLISIONS 

R.  Shingal,  C.W.  Newby,  C.J.  Noble  ,  D.R.  Flower  and  B.H.  Bransden 
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A  number  of  theoretical^  ^  and  experimental^  ^ 
results  have  been  reported  in  the  literature  for  charge 
transfer  in  collisions  of  protons  with  sodium  atoms. 

The  theoretical  studies  are  based  either  or.  travelling 
molecular  (MO)  or  atomic  (AO)  orbitals.  The 
calculations  differ  markedly  in  the  energy  range  over 
which  they  overlap,  as  is  also  the  case  of  the 
experimental  data. 

+ 

We  have  reinvestigated  the  H  +  Na  collision 
process  using  a  semi-classical  impact  parameter  method7. 
An  atomic  state  expansion  centred  on  the  two  nuclei  was 
used  to  represent  the  wave  function  of  the  system. 
Plane-wave  translation  factors  were  included  in  the 
calculation.  The  valence  electron  of  the  sodium  atom  is 
assumed  to  move  in  an  effective  potential  representing 
the  core  electrons.  The  Hamiltonian  for  the  system  can 
thus  be  written  as 

H  .  -*v*  -  f*  -  Veff«rB) 


+  + 

FIGURE  1  Total  cross-sect  ions  for  H  ♦  Na  ■*  H  ♦  Na 

Theoretical  cross-sections:  - ,  16-state  atomic 

expansion,  present  work.  Experimental  cross- 
sections;  ♦,  Anderson  et  al.^ 


References 


where  A  ar.d  B  are  the  projectile  and  the  target  nuclei, 

respectively.  The  effective  potential,  V  c _ (r),  is  taken 

et  I 

to  be  of  the  form 


ZB  -  1  2S 


Veff,r) 


2  3 

I  1 

s=l  k=0 


2  (yr)  (4  -  k)  _y 


4k. '  r 


Here,  z ^  and  z 2  are  the  K  and  L  shell  charges.  The 


set  consisting  of  a  large  number  of  Slater  type 
orbitals  is  used  to  represent  the  target  atom  states. 
This  ensures  that  given  the  choice  of  effective 
potential,  the  Slater  orbitals  are  able  to  represent  a 


considerable  number  of  bound  states  of  the  sodium  atom. 

,8 


A  model  potential  due  to  Peach  was  also  used. 
Preliminary  calculations  of  charge  transfer  cross¬ 
sect  idos  f^r  the  impact  energy  range  0.5  -  20  keV, 
using  ar.  expansion  consisting  of  n  =  3  states  on  the 
target  and  r.  =  1-3  states  on  the  projectile  show  a  good 
agreement  with  the  experimental  data  of  Anderson 
c,  al.6 

Cruebler  et  al.* 


Fig.  1)  but  net 
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'HEISENBERG  CORE"  IN  CLASSICAL  TRAJECTORY  MONTE -CARLO  CALCULATIONS  OF  IONISATION  AND  CHARGE  EXCHANGE 

D.  Zajfmaji  and  D.  Maor 
Department  of  Physics,  Technion,  Haifa,  Israel 


The  classical  trajectory  Monte  Carlo  (CTMC)  method 
has  yielded  results  for  ionization  and  charge  exchange 
in  a  single  electron  collision  system  (bare  nucleus  on 
H  atom)  which  are  in  good  agreement  with  experiment  with¬ 
in  a  defined  range  of  projectile  velocities1,2.  For 
targets  containing  more  than  one  electron,  usually  the 
so-called  independent  electron  approximation  has  been 
applied-*.  In  this  approach,  electron-electron  interac¬ 
tions  are  neglected,  except  for  an  average  screening  of 
the  nucleus.  Agreement  with  experiment  is  not  very  good. 

We  report  on  full  four  body  CTMC  calculations  of 
cross  sections  for  single  and  double  ionization  and 
charge  exchange  in  collisions  of  bare  nuclei  (p.  He**) 

with  He  atoms.  Following  the  work  of  Kirschbaum  and 
4 

hi  lets  ,  we  add  to  the  target  nucleus  the  potential: 

V(P:.r  >  =  r)  exp  [x  (1  -  f— )  )  J  (1) 

where  p^,r.  represent  the  values  of  the  momentum  and 
distance  of  each  electron  relative  to  the  target  nucleus. 
This  potential  causes  r .  p.  >.  with  the  equality  sign 
holding  for  the  ground  state.  The  reason  for  imposing 
this  constraint,  which  is  practically  the  Heisenberg 
principle,  is  that  the  ground  state  of  the  He  atom  is 

4 

classically  unstable  .  The  value  of  £  is  obtained  from 
Hartree-Fock  calculations  for  the  He  ground  state,  a  is 
called  the  hardness  parameter  and  we  find  our  results  to 
be  independent  of  it  for  i  >  50. 

Fig.  1  displays  the  "apparent  cross  section"  for 

target  ionization  (charge  integral  of  target  ions)  for 

♦  ♦  5 

the  collision  He  •*  He  measured  by  Puckett  et  al .  and 

calculated  here.  The  agreement  is  seen  to  be  very  good. 
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fig •  1  "Apparent  cross  section"  for  target  ionization 
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Fig .  2  Single  electron  loss  cross  section  for  p  •*  He 

Similar  calculations  were  performed  for  p-*Me.  In 
compliance  with  available  experimental  data,  we  show  in 
Fig.  2  results  from  the  experiment  of  Ou  Bois  et  al.6  and 
present  calculations  (CTMC)  for  the  single  electron  loss 
cross  section.  Good  agreement  is  obtained  up  to  ~100  keV, 
above  that  the  calculated  results  are  too  high.  Fig.  2 
contains  three  additional  points  designated  CTMC 2 .  These 
were  obtained  when  a  potential  of  the  form  (1)  was  also 
added  to  the  proton.  The  reason  for  this  is:  the  physi¬ 
cal  meaning  of  the  constraint  imposed  by  (1)  is  to  prevent 
binding  of  electrons  below  the  quantum-mechanical  ground 
state.  It  thus  constitutes  a  "Heisenberg  core"  around  the 
nucleus  (in  analogy  with  the  Pauli  core  in  identical 
fermion  interactions).  As  can  be  seen  in  the  Figure,  add¬ 
ing  this  potential  to  the  proton  reduces  the  calculated 
cross  section,  seemingly  in  better  agreement  with  the  data. 
Additional  results  of  calculations  using  the  "Heisenberg 
core"  will  be  shown. 
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SINGLE  ELECTRON  CAPTURE  IN  Li3+  -  He  COLLISIONS 
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We  have  calculated  total  cross  sections  for  the  colli- 
sional  reaction, 


Li3*  +  HeOsVs  — ->  Li2+(n)  +  He+(ls)2S  (1) 

in  the  impact  energy  range  of  the  L i3+  projectile 
1.5  10  -  A3  KeV.  We  have  adopted  a  molecular  descrip- 

t ion  of  the  system  in  which  only  one  electron  is  active. 
This  electron  is  supposed  to  move  in  a  combined  field 
of  a  bare  Li  nucleus  and  a  He  (Is)  core.  We  have 
represented  the  electron-He*  core  interaction  by  a 
model  potent ial V 

The  electronic  e i genenergies  and  eigenfunctions  of  the 

3+  2  3 

(LiHe)J  molecule  were  obtained  by  a  variational  method  ’ 

using  a  basis  set  of  Slater-type  functions.  Close  coup¬ 
ling  calculations  employing  a  seven-state  diabatic  mol¬ 
ecular  basis  were  then  performed  in  order  to  compute 
the  exchange  cross  sections,  for  energies  greater  than 
90  eV  the  transitions  amplitudes  were  computed  using 
the  impact  parameter  approximation.  Below  this  energy  a 
full  quantum  mechanical  method  was  employed  to  calculate 
the  scattering  S-matrix.  The  diabatic  basis  considered 
includes,  other  the  entry  channel,  two  molecular  states 


(Z  ,-ir,)  leading  at  large  nuclear  separations  to  Li**(n«2) 
and  four  states  (  Z^  ,  Z^  ,  Aj)  connected  in  the 

same  limit  with  Li  (n=3).  For  the  energies  here  inves¬ 
tigated,  electron  capture  takes  place,  predominantly, 

2+ 

into  the  Li  (n=2)  atomic  state.  At  very  low  energies 
the  reaction  occurs  via  the  avoided  crossing  at  8.5 
between  the  entry  channel  and  the  state.  How¬ 
ever  for  the  energies  considered  in  the  experimental 

It 

work  by  Wirkner-Bott  et  al,  we  have  found  that  an  inter¬ 
pretation  of  the  capture  mechanism  in  terms  of  the 
crossing  is  not  valid  due  to  the  diabatic  behaviour  of 
the  transition  amplitude  at  that  point.  In  the  figure 
we  show  a  Landau-Zener  calculation  including  the  two 
states  involved  in  the  crossing  to  illustrate  this  be¬ 
haviour.  This  explains  the  apparent  cont rad ict ion  pointed 
out  by  those  authors  when  experimental  cross  sections 

•  3+ 


-  are  compared. 


for  the  present  system  and  for  L 
Our  close  coupling  results  are  shown  in  the  figure.  A 
very  good  agreement  is  found  with  the  experiment. 


d'ordre  1602. 

A.  Wirkner-Bott  I.,  Seim  W. ,  Muller  A.,  Kester  P.,and 
Salzborn  E.  198l  J.  Phys .  B  3987. 

5,  Susuki  H.,  Kajikawa  Y.,  Toshima  H.,  Ryufuku  H  and 
Watanabe  T.  I98A  Phys.  Rev.  A  23_  525. 


Figure  1:  Total  cross  section  for  single 
electron  capture  in  Li3+-  He  collisions. 
— -  7-state  calculation  (this  work) 

-  Landau-Zener  (this  work) 

U.D.W.A.  ref  (5) 

■  Experiment  ref  (A) 
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EIKONAL  CROSS  SECTION  IN  PROTON -KEL  ILLS  ELECTRON  CAPTURE  PROCESSES 
K.  Kobayashi,  N.  Toshima  and  T.  lanihara 
Institute  of  Applied  Physics,  University  of  Tsukuba,  Sakura,  Ibaraki  305,  Japan 


The  eikonal  approximation  has  been  applied 
successfully  to  various  fields  of  high  energy  collision 
processes.  Recently  it  has  also  achieved  great  success 
in  electron  capture  processes  of  bare  ions  colliding 
with  a  hydrogenic  target.  Application  to  multielectron 
targets  has  been  made  using  a  rather  crude  approximation 
of  a  single-electron  model]  in  which  the  electronic  orbi¬ 
tals  are  described  by  hydrogenic  wave  functions  with  a 
fractional  effective  nuclear  charge. 

We  calculate  the  electron  capture  cross  sections  for 
H  ♦  He  -►  H  +  He  treating  the  passive  electron  {not 
transferred;  explicitly  in  a  distorted- wave  formalism 
based  on  the  eikonal  approximation.  The  distorted  wave 
satisfies  the  time-dependent.  Schr&iinger  equation 


,u  +  y  _  2  V 

'  f  -  V 


H c  Is  the  channel  Hamiltonian  corresponding  to  tne  final 
state  and  the  distortion  potential  is  chosen  a3  the 
common  part  of  the  interactions  in  the  initial  and  the 
final  channels.  consists  of  two  terms,  the  int.ernu- 
clear  interaction  and  the  interaction  between  tne  passive 
electron  and  the  proton.  The  transition  amplitude  at  an 
impact  parameter  b  is  given  by 
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where  y  ^  is  the  total  wave  function  derived  from  the 
initial  state  at  t  *  We  apply  the  eikonal  approxima¬ 

tion  to  both  y  and  V. . 

In  Fig.  1,  we  present  the  differential  cross  sec¬ 
tions  at  energy  of  2 93  keV,  The  agreement  with  the 
2 

expe ri men tai  data  is  very  good.  In  order  to  see  tne 
effects  of  the  passive  electron  we  have  carried  out  a 
calculation  omitting  its  interaction  with  the  incident 
proton  in  7^.  The  results  are  also  shown  in  this  figure. 
The  shape  of  the  differential  cross  section  is  affected 
appreciably  by  this  interaction.  On  tne  other  ham,  ♦he 
integrated  total  cross  sections  are  r.ct  ser.si*iv-  -o  ♦his 
interaction,  the  neglect  of  which  increases  th*=m  by  * , 
12  %  and  5  »  at  incident  energies  of  *12  <ceVt  25».’  <e7 
and  1  MeV,  respectively.  Comparison  with  the  7TW  appro¬ 
ximation^  is  also  made  in  this  figure.  Ir.  this  calcula¬ 
tion,  a  distorted  wave  approach  similar  to  ojts  i3  em¬ 
ployed  but  the  static  potential  averaged  over  h.e  initial 
electronic  state  is  used  in  place  of  the  pure  Coulombic 
interactions  in 
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Figure  1.  Differential  cross  sections  at  293  keV.  - 

eikonal  'with  full  interactions,, - eikonal  '.without 

the  interaction  between  the  passive  electron  ar.i  the 
proton',  —  ■  —  ?r ■"  Ref. 
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2p  -  2s  VACANCY  TRANSFER  IN  Ne  +  Ne  COLLISIONS 
IN  THE  ENERGY  RANGE  OF  5  -  500  keV 

A.  Toepfer,  H.J.  Liidde,  B.  Jacob  R.M.  Dreizler 
Institut  fur  Theoretische  Physik  der  Universitat 
Frankfurt  am  Main,  Federal  Republic  of  Germany 


We  suggest  to  solve  ion(atom)-atom  scattering  problems 
involving  a  larger  number  of  electrons  by  a  two  step 
procedure : 

In  a  first  step  we  determine  the  effective  screening 
during  the  collision  process  by  solution  of  quasimole- 
cular  extended  Thomas “Fermi  equations.'  With  the  aid  of 
effective  (Hartrce-Fock  type)  single  particle  potentials 
constructed  from  these  solutions  we  then  calculate  the 
time  development  of  the  orbitals,  which  are  initially 
occupied  in  both  target  and  projectile. 

In  practice  the  second  step  is  carried  through  by 

diagonal isat ion  of  h  ,,  as  a  function  of  the  inter- 
et  t 

nuclear  separation-  in  order  to  generate  correlation 
diagrams  and  a  suitable  quasimolecular  basis.  The  time 
dependent  problem  (including  the  effects  of  radial  and 
rotational  couplings)  is  then  solved  in  terms  of  the 
basis  (augmented  by  translational  factors)  generated. 

In  order  to  extract  relevant  physical  information  from 
the  solution  a  projection  of  the  total  final  wavef unct ion , 
given  in  the  form  of  a  Slater  determinant,  onto  wave- 
functions  representing  final  channels  is  required. 

Transition  probabilities  can  be  calculated  in  terms  of 

4 

determinants  of  the  one  particle  density  matrix.  In¬ 
clusive  probabilities  can  be  discussed  in  turn. 


and  we  calculate  channel  * 

"inc:  We  assume  that  instead  of  f^  only  the  projectile 
subconfiguration  (2s1  2p6)p  is  identified  by  measurement 
of  the  radiative  2p-2s  transition,  while  the  target  can 
be  in  any  state.  Correspondingly  instead  of  f£  only  the 
target  suhconf igurat ion  (2s'  2p^)^.  is  measured.  We  thus 
calculate  the  inclusive  cross  sections 

j.  -  3  ( i  --(2s'  2p*S  )  ♦  -  ( i  ■►(2s  2p  )_)  • 
me  p 

Experimental  cross  sections  ^  are  normalised  to  the 
value  at  200  keV  of  Ref.  5,  in  order  to  circumvent  the 
question  of  absolute  cross  sections  which  does  not  seem 
to  be  settled.  Our  calculated  cross  section  a^c  (reduced 
by  a  factor  of  0.33  to  fit  the  experiment  at  200  keV) 
reproduces  the  energy  variation  of  the  experimental  cross 
section  very  reasonably  and  somewhat  better  than  °c^annei 
(reduction  factor  0.41).  The  discrepancy  in  absolute 
value  remains  to  be  discussed,  however. 


aine(2s  7(fll 


In  figure  1  we  indicate  the  results  obtained  for  the 
system  Se  +  ♦  Ne  in  comparison  with  experimental  informa¬ 
tion  available  for  a  basis  set  of  18  molecular 

orbitals,  from  which  in  the  separated  atom  limit  the 
atomic  orbitals  Is,  2s,  2p  >  3s,  3p  of  both  target  and 
projectile  can  be  constructed.  The  initial  state  is 
specified  by  the  conf igurat  ion 

2  1  3  2  2  6 

i  *  (Is  2s  2p  )p  (Is  2s  2p  )T  , 

where  the  initial  2p-hole  in  the  projectile  is  distri¬ 
buted  statistically  in  the  magnetic  quantum  number. 

The  theoretical  cross  sections  given,  correspond  to  the 
following  situation:  "channel:  We  assume  that  the  full 
final  configuration  of  the  19  electrons  is  identified  as 
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u  o  100  200  300  400  500  ElkeVl 

Fig.  1:  Cross  section  for  the  2p-2s  vacancy  transition 
in  the  Ne+  +  Ne  system.  Experimental  points  from  Ref. 
5-7,  calculated  cross  sections:  see  text. 
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COMMENT  ON  H+  +  He  -*  H°  +  He'  + 

J .  H .  McGu i re 

Department  of  Physics,  Kansas  State  University,  Manhattan,  KS  66506  USA 


Since  the  double  ionization  of  helium  is  a  two 
electron  transition,  understanding  of  few  body  transi¬ 
tion  mechanisms  is  required  to  analyze  double  ionization 
data.  Furthermore,  since  single  ionization  is  fairly 
well  understood  at  high  projectile  velocities,  it  is 
both  natural  and  sensible  to  consider  the  double  ioni¬ 
zation  of  two  electron  targets  such  as  helium. 

Studies  of  double  ionization  by  photons  have  lead 
to  a  final  state  rearrangement  (R)  or  shakeoff  picture 
for  double  ionization.  In  this  picture,  after  the  first 
electron  is  removed,  the  wavefunction  of  the  second 
electron  readjust  itself  and  there  is  a  finite  proba¬ 
bility  that  the  second  electron  ends  up  in  a  continuum 
state,  i.e.  double  ionization.  In  this  picture  at  high 
photon  energies,  the  cross  section  for  double  ioniza¬ 
tion,  ”,  is  proportional  to  the  cross  section  for 
single  ionization,  namely  .  For  photoioniza¬ 

tion  of  hel ium  R=3L. 

In  double  ionization  by  charged  particles,  e.g. 

1  +  +2 

H  +He-H  >He  +2e  ,  it  is  possible  for  the  projectile  to 
interact  directly  with  each  electron,  so  that  (in  the 
Simplest  picture)  the  probability  for  double  ionization 
P11  is  equal  to  the  product  of  the  probabilities  for 
ionization  of  each  electron,  p'^pJp^.  This  is  called 
direct  double  ionization  (D).  The  rearrangement  mechan¬ 
ism  (R)  is  also  possible,  and  at  sufficiently  high 
velocities  R  dominates  over  D.  Furthermore  since  R  and 
D  lead  to  the  same  final  state,  interference  between  R 
and  0  is  possible.  We  also  note  that  in  helium  due  to 
final  state  correlation  the  value  of  R  for  charged 
particles  is  about  an  order  of  magnitude  lower  than  for 
photons. 

In  the  original  studies  of  H++He -+i°+He+2+e  by 
Horsdal -Pedersen  and  Larsen,^  it  was  found  that  above  50 
keV  c1  is  independent  of  energy  suggesting  that  the 
R  mechanism  is  operative.  Furthermore  the  value  of  R  is 
about  3.,  ie.  the  same  as  for  photons.  Horsdal -Pedersen 
and  Larsen  point  out  that  in  both  photoionization  and 
capture  at  high  energies,  one  electron  is  rapidly  removed 
from  the  system  so  that  final  state  correlation  is 
minimized.  Hence  it  may  not  be  surprising  that  R  is  the 
same  for  photons  as  for  the  capture  channel. 

In  our  opinion,  the  analysis  of  Horsdal -Pedersen 
and  Larsen  is  quite  sensible.  However,  a  simple  esti¬ 
mate  of  mechanism  D  indicates  that  D  may  not  be  neglig¬ 
ible,  as  illustrated  in  the  figure. Since  in  the  ratio 
i  i  i 

0  mechanism  D  scales  as  the  square  of  the  projec- 


2 

tile  charge,  Z  ,  while  R  is  independent  of  Z  ,  we  sug- 

P  i  i  i  P 

gest  that  the  ratio  i  /•  may  have  a  different  energy 

dependence  for  incident  alpha  particles  than  for  inci¬ 
dent  H+.  Furthermore,  at  the  higher  energies  shown  in 
the  figure,  interference  between  R  and  D  mechanisms  may 
occur  for  alpha  particle  impact.  Studies  of  differen¬ 
tial  cross  sections  in  momentum  transfer  or  ejected 
electron  energy  may  also  be  useful  in  sorting  out  these 
double  transition  mechanisms. 

1  gratefully  acknowledge  discussion  with  E.  Salzborn 
and  A.  Muller,  who  have  recent  data  for  H+He-H°+He+1 . 

This  work  was  supported  by  the  Division  of  Chemical 
Sciences,  U.S.  Department  of  Energy. 
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Energy  IkeV) 

Figure  1  Ratio  of  double  to  single  ionization  versus 
energy  for  H+*-He  HO+He  .  R  represents  final 
state  rearrangement  and  D  direct  double  ioni¬ 
zation. 
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CHARGE  TRANSFER  IN  TWO  ELECTRON  SYSTEMS 
IN  THE  TIME  DEPENDENT  HARTREE  FOCK  PICTURE 

W.  Stich,  H.J.  Liidde  and  R.M.  Dreizler 
Institut  fur  Theoretische  Physik  der  Universitat 
Frankfurt  am  Main,  Federal  Republic  of  Germany 


Following  previous  work  on  the  collision  system 
He^+  +  He  we  have  investigated  the  systems  H  +  He  and 
Li^+  +■  He  within  the  framework  of  the  TDHF  picture.  In 
particular  we  calculate  global  charge  transfer  cross 
sections  for  the  channels 

H*  +  He(1s2)  H(Inl)  +  He+(Inl) 

H+  +  He (Inin ' 1 ' ) 

Li3+  +  He  (Is2)  ->  Li+(Inln'  1 ' )  +  He2* 

Li2+(Inl)  >  He*(Inl) 

Li3+  +  He (Inin ' 1 ' ) 

in  the  energy  range  of  5-40  keV/amu.  The  TDHF  equations 
for  the  time  development  of  the  orbitals  are  solved  by 
basis  expansion  techniques  (144  state  Hylleraas  basis) 
with  the  aid  of  predictor-corrector  methods.  The  effec¬ 
tive  potential  at  each  time  step  is  obtained  by  solving 
Poissons' s  equation,  also  in  terms  of  basis  expansion. 
Global  cross  sections  are  extracted  with  the  half  space 
projection  technique  outlined  in  Ref.  2. 

In  Table  1  we  indicate  the  cross  section  for  one 
electron  capture  in  H*  +  He(1s  )  in  comparison  with  the 
experimental  results  of  de  Heer  et  al3  and  Stier  and 


Energy (keV] 

Ref.  3 

Ref.  4 

Theory 

10 

1.15 

0.95 

0.95 

20 

2.21 

1 .8 

1  .8 

30 

1.73 

1.7 

1.52 

40 

1.35 

1  .4 

1  .4 

Table  1:  Total  cross  section  for  one  electron 
capture  in  H+  +  He(1s  )  in  10 
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In  Fig.  t  we  show  the  cross  section  for  one  electron 

3+  2 

capture  in  Li  +  He(ls  )  in  comparison  with  the  results 
of  Wirkner-Bott  et.al."*  The  present  results  for  the  two 
electron  capture  channel,  for  which  no  experimental 
information  is  available,  are  also  indicated. 


Fig.  1:  Total  cross  sections  for  one  and  two  electron 

capture  in  Li"**  +  He(ls^)  one  electron  capture; 
A  experimental  results  of  Ref.  5,  A  present 
theoretical  results 

two  eletron  capture: □  present  theoretical 
result  s . 

In  both  systems  we  find  very  satisfactory  agreement 
of  theory  and  experiment  at  the  level  of  the  global 
quantities.  The  resolution  with  respect  to  individual 
excitation  -  and  charge  transfer  channels  remains  to  be 
performed . 
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A  UNIFIED  AOMO  EXPANSION  TREATMENT  OF  p-H,  C  .  H  AND  p-H<»  COLLISIONS 

*  ♦ 

M.  Kimura,  and  C.  D.  Lin 

* 

Joint  Institute  for  Laboratory  Astrophysics,  University  of  Colorado  and 
National  Bureau  of  Standards,  Boulder,  Colorado  80309 

+Department  of  Physics,  Kansas  State  University,  Manhattan,  Kansas  66506 


Theoretical  models  for  the  investigation  of 
inelastic  ion  atom  collisions  have  been  based  mostly 
upon  the  close-coupling  expansion  method  in  the  impact 
parameter  approximation.  The  basis  functions  used  in 
the  expansion  are  either  the  molecular  orbitals  (MO)  of 
the  collision  system  or  the  traveling  atomic  orbitals 
<A0')  of  the  two  collision  centers.  The  traditional  MO 
expansion,  known  as  the  perturbed  stationary  state 
(PSS>  apprcximat ion ,  has  the  problem  that  the  expansion 
is  not  Galilean  invariant.  Various  forms  of  electron 
translational  factors  (ETF’s)  have  been  proposed  to 
resolve  this  difficulty.  From  the  AO  expansion 
viewpoint,  a  modified  AO  expansion  (A0+)  and  a 
triple-center  AO  expansion  where  united-atom's  atomic 
orbitals  are  included  in  the  basis  set  have  been 
investigated  in  recent  years. 

Recently  a  different  approach  has  been 

1 . 2 

suggested.  By  recognizing  that  it  is  desirable  to 

adopt  an  expansion  I'jing  MO’s  in  some  inner  region  to 
account  for  the  relaxation  of  the  electronic  orbitals 
and  using  traveling  AO’s  in  the  outer  region  to  account 
for  the  translational  motion  of  the  electron,  a  unified 
AO.MO  expansion  was  proposed.  In  this  method,  the 
time-dependent  wave  function  is  expanded  in  terms  of  a 
set  of  traveling  AO's  in  the  outer  region  which  is 
integrated  to  a  certain  internuclear  separation  Rq . 

At  this  point,  the  wave  function  is  matched  to  an 
expansion  using  MO ' s  without  ETF's.  The  resulting 
coefficients  then  serve  as  initial  conditions  for  the 
time  integration  (in  the  MO  basis)  in  the  inner  region 


choose  R  “R, )  where  the  wave  function  is  matched  to 
o  1 

an  expansion  using  traveling  AO's.  Integration  from 
R,  in  the  traveling  AO  basis  to  a  large  internuclear 
separation  then  allows  the  extraction  of  scattering 
ampl itudes • 

This  model  has  been  applied  to  studv  charge 
transfer  in  p-He+  and  in  He  ♦  H  collisions.  In 
this  contribution,  we  report  the  application  of  this 
general  method  to  three  Collision  svstems: 

(1)  Excitation  and  charge  transfer  to  2s  ami  2p 
states  in  p-H  collisions  from  1-15  keV  .  This  svst^ni 
has  been  studied  in  recent  vests  using  a  large 
basis  set  in  many  elaborate  close-coupling 
calculations.  Our  results  for  the  partial  cross 
sections  to  2s  and  2p  are  in  general  in  good 


agreement  with  these  calculations.  The  comparison 
will  be  presented  at  the  meeting. 

(2)  Partial  electron  capture  cross  sections  in 
♦  H  collisions.  This  collision  svstem  has 

been  studied  recently  in  a  33-state  MO  expansion^ 
and  in  a  35-state  AO  expansion.  The  capture  is 
predomi nant 1 v  into  the  n  •  4  states  for  collision 
energies  in  the  0. 2-1.0  keV/amu  region.  Although 
the  total  cross  sections  are  in  reasonably  good 
agreement  in  the  two  calculat ions ,  the  MO  model 
predicts  a  relatively  larger  <~on  t  r  i  bu  t  ion  to  the  n  • 
3  states.  In  our  present  calculation,  we  used  25 
MO's  in  the  inner  region  and  26  AO's  <n  *  1  and  5 
of  C  and  Is  of  H)  in  the  outer  region,  the  results 
for  the  n  »  5  states  are  in  good  agreement  with  the 
conclusion  from  the  A0  expansion.  For  the  total 
cross  sections,  the  present  results  also  agree  with 
the  most  recent  experimental  data  from  Phaneuf. 

(3)  Excitation  and  charge  transfer  in  p-He 
collisions.  This  svstem  has  been  the  favorite  of 
many  experimental  studies.  Ah  initio  calculations 
so  far  are  unsatisfactory,  particularly  for 
excitation  or  capture  to  the  excited  2s  and  2p 
states  in  the  energy  region  from  1  keV  to  25  keV. 

We  have  employed  the  unified  AOMO  matching 
procedure  to  this  svstem.  To  get  decent  results, 
the  molecular  correlation  diagram  fur  the  p-He  has 
to  be  reproduced  accurately.  We  have  investigated 
the  charge  transfer  probabilities,  the  partial  <rr»sj 
sections,  the  alignment  parameters  fm  ex«itatjmj 
and  charge  transfer  to  2s  and  2p  staffs.  Th~ 
results  will  be  preserved  the  meet  in,;. 
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ATOMI r.nRRI TAL  FX PAN SI ON  REPRESENTATION  OF  ELECTRON  TRANSFER  IN  TWO-ELECTRON  SYSTEMS 


Nolfqanq  Fritsch*  and  Chii-Donq  Lin* 

*  Rereich  Kern-  und  Strahl enphys i k ,  Hahn-Meitner-Institut  Berlin,  0-1000  Berlin  30,  West  Germany 

*  Department  of  Physics,  Kansas  State  University,  Manhattan,  Kansas  66506,  U.S.A. 


In  theoretical  investigations  of  electron  transfer 
in  I  quasi- lone- electron  ion-atom  collision  systems,  the 
se-’ cl  ass ica’  close-couol inn  method  with  atomic  orbitals 
:'A0)  basis  sets  has  been  o rover  as  very  effective  and  re- 
liab'e.'  rn i s  method  !S  oarttcu’arly  suited  for  applicat- 
ior  to  distant  collisions  and  for  the  extraction  of  part¬ 
’s’  cross  sections  for  transfer  into  (nlm)  projectile 
subshe'ls,  and  calculated  results  compare  favourably 
with  experimental  data5  .'typically  over  two  orders  of 
■" a Q n ’ t u  1  n  ’n  collision  energy)  wherever  available.  With 
s.i’tab’e  mod  ’ f ' c at  i ons  by  united-atom  orbitals  (AO+ 
-ethod',  partial  cross  sections  have  been  calculated  in 
c’rse  cn’l’S’ons,  too,  and  have  been  found  to  agree  well 
w’th  flx-ei-  'mont .“  Another  not  unimportant  merit  of  the 
AO ' *  expansion  method  is  its  technical  simplicity  which 
a’O'.ws  for  an  easv  adaption  of  multi-channel  problems. 

In  tf  s  *cr<,  we  investigate  the  apolication  of  the 
a? >1  expansion  method  to  two-electron  systems.  We  start 
f'pm  a  set  of  travelling  two-electron  orbitals 

:'h.,ri'  =  =Slt  t'j’(ri)  *^(r2)  exp(  * i v(r itr2 )/21  (1) 

“he-e  r_  ,r  t  }r?  the  coordinates  of  the  two  electrons,  in¬ 
dex  lane’s  the  atomic  center  with  which  moves, 
v  ,  tno  collision  velocity,  the  *  signs  depend  on  the 
cnvce  of  c  ,cit  and  the  operator  Ps,t  ( ant i-) symmetrizes 
the  soacia’  wavefunction  according  to  spin-singlet 
'triplet'  conditions.  The  Hamiltonian  H, 

H  =  H„[l)  a  H0(2)  a  l/r12  (2) 

’S  the  sum  of  utfi),  the  Hamiltonian  of  electron  i  with 
■-aspect  to  the  two  nuclei  !or  atomic  cores',  and  the 
e’ectron-e’ectron  interaction  1 /r j 2 •  With  the  electron 
wavefunctmn  expanded  in  appropriately  chosen  AO(  +  )  basis 
s°ts,  with  ea”iltpnian  (’)  and  with  a  curved-line  inter- 
niic'ear  traiectorv,  the  time-dependent  Schrodinner  equat- 
m"  's  solved  w'thin  the  basis  space  without  further  ap- 
pnpx  ■ -at  ■  ors .  * r  this  aspect  w e  differ  from  recent  work 
at  a-ghea  aonrg'es'  wnere  the  translational  factor  (ET-l 
‘.e* —  m  'l1  ’s  approximated  in  the  evaluation  of  the 
1  ~atn».  frrjr  the  fma!  occupation  amplitudes  of 
orp-ta’s  part'a’  ami  total  cross  sections  are  deriv¬ 

ed  as  js  it  l . 

In  tno  course  of  this  ’nvest iqat ion,  most  of  the 
numerical  effort  and  the  computing  time  is  devoted  to  the 
evaluation  of  mat-'x  elements  of  Hamiltonian  (2).  Amonq 
those  the  -ost  difficult  is  the  matrix  element  of  l/n2 
between  orbitals  oos'tioned  at  different  centers  since 
there  the  ETC  term  precludes  the  direct  use  of  methods 


from  molecular  structure  studies.  We  have,  however,  chos¬ 
en  to  generalize  molecular-structure  expressions  derived 


in  ref. 

6,  which  are  based  on  the  Neumann 

expansion  of 

l/riz. 

The  final  expression  is  essentially 

a  sum  of  fold- 

ing  integrals  over 

functions,  each  of  them 

accessible  by 

methods 

known  from 

one-electron  problems. 
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Fig.  1  shows 

results  of  calculated  one-electron 

transfer  cross  sections  for  Of>++He  collisions.  Total 
transfer  aqrees  well  with  experiment'7,4.  The  calculated 
partial  transfer  for  n=3  0i+  orbitals  is  fairly  close  to 
the  data0  with  deviations  of  the  same  order  as  encounter¬ 
ed  for  one-electron  systems3.  The  measured  population  ot 
n=4  orbitals  at  low  energies  is  much  larger  then  in  the 
calculations  and  does  not  seem  to  be  compatible  with  the 
molecular  enerqy  diagram  for  this  system.  A  one-electron 
ootential  representation  for  He  leads  to  results  very 
different  from  those  presented  here.  We  expect  that  more 
results  will  he  available  at  the  time  of  the  conference. 

This  wo-k  is  supported  in  part  by  US  Peoartment  of 
energy,  and  by  NATO  Research  Grant  120/8.4. 
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CONTINUOUS  ENERGY  STATE  MODEL  FOR  CHARGE  TRANSFER  IN  COLLISIONS  OF  FULLY  STRIPPED 

IONS  WITH  HYDROGEN  ATOMS 


Fumihiro  Koike 


School  of  Medicine,  Kitasato  University,  Sagamihara,  Kanagawa  228  Japan 


Recently,  a  continuous  energy  state  model  was 
proposed^  for  the  charge  transfer  process: 

AZ+  +  H(ls)  »  A(Z~1)+  +  H+,  (1) 

whe: t  ^  and  z  represents  an  atom  and  its  atomic  number, 
respectively.  In  the  present  paper,  the  formulation  is 
improved  and  the  numerical  calculation  has  been  extended 
to  include  the  higher-z  ions. 

The  probability  amplitude  for  finding  the  system  in 

the  initial  state,  a^,  is  given  by  the  overlap  of  the 

initial  state  wavefunction  with  the  total  wavefunction 

t,  i.e.,  agS-'-'yg  i  If  ¥  is  expanded  in  terms  of  the 

final  state  wave  functions,  0  ,  as  Y=£  a'«j  and  also  if  Y 

q  qrq 

satisfies  the  semiclassical  time-dependent  Schroedinger 
equation,  i.e.,  HY=i(d/9t) Y ,  we  can  derive  the  following 
coupled  equation  by  dif ferenciating  the  present  overlap 
integral  with  respect  to  the  time  t.  We  have 


ko  ’  aq‘  (2) 

2 

It  can  be  shown  that  we  can  solve  equation  (2)  with 
respect  to  aQ  to  the  lowest  order  without  any  knowledge 
about  if  we  employ  the  continuous  energy  state  model 

for  the  final  states.  We  obtain 


aQ(t)  »  expt-i/^j^dt'],  (3) 

where  E*  is  the  resonance  energy  that  may  be  a  complex 
number.  The  final  state  component  is  given  by  T-a^g, 
and  this  may  be  expanded  in  terms  of  4^  as  f-ag^g-^a^v^* 
Then  we  have  the  following  coupled  equations  for  a^, 
which  are  solved  numerically.  That  is 

a  =  -I<vjH-i3/3t|v  >*an  -tfcj/  ,  \H-lW3t\+>*a  ,.  (4) 

q  U  q  U  '  q  q  q 


Figure  la 


Figure  lb 


In  order  to  facilitate  the  large  scale  numerical 

calculations,  the  use  of  a  super  computer,  HITAC  S810/20, 

has  been  made.  In  figure  la  is  shown  the  total  electron 

14+ 

capture  cross  section  for  Si  +  H  system  with  Che 
available  experimental  data  for  partially  stripped  ions. 
The  agreement  between  the  theory  and  experiment  at  z=14 
suggests  the  validity  of  the  present  method  for  higher-z 
ions,  because  the  present  method  is  based  on  the  high-z 
approximation.  The  result  for  FeZ  +  H  system  is 
illustrated  in  figure  lb  as  an  example  of  high-z  system. 

In  figure  2,  the  electron  capture  cross  sections  into  the 

states  with  the  specified  principal  quantum  number  are 
14+ 

given  for  Si  +  H  sy.steir.  with  other  theoretical  results. 


Sili+  *  H  •  Mn\n)  A  H+ 
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Aa'GULAR  DISTRIBUTIONS  OP  ION'S  AFTER  PAST  ION-ATOM  COLLISIONS 
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We  report  the  results  of  calculations  of  the 
cross  sections  differential  in  the  scattering 

angle  ^  for  elastic  and  inelastic  collisions  bet¬ 
ween  two  fast  atoms  or  ions  each  having  its  own 
electrons.  The  calculation  method  is  based 

on  the  use  of  the  first  Born  approximation  and  of 
the  sum  rule.  The  validity  of  such  an  approach 
to  the  calculations  of  the  doubly  differential  cross 

sections  of  the  ionization  in  fast  ion-atom  collisions 
1  2 

was  demonstrated  earlier  *  • 

Figs.  1  and  2  present  some  results  of  caU 
culating  the  values  of  ^ for  the  ionization 
and  scattering  of  300  keV  hydrogen  atoms  in  their 
collisions  with  H  and  C  atoms.  We  used  the  ana¬ 
lytical  expressions  for  the  elastic  and  inelastic 
3 

form  factors  given  in  .  Similar  calculations  for 
the  collisions  of  the  simplest  particles  (ions  and 

atoms  of  hydrogen  and  helium)  were  carried  out 
4 


cK 


The  features  of  the  angular  distributions 


for  various  processes  may  be  outlined  as 

follows. 

At  small  scattering  angles  the  ionization 


cross  sections 


=  a.tteri 

<iSL 


exceed  both  the  elastic 
scattering  cross  sections  and  the  cross 

sections  of  scattering  by  the  screened 

Coulomb  potentiaL  The  difference  between  - ^  * 


As* 


increases  with  atomic  number  of  the 


and  ~ZsL 

target  atom.  Among  the  angular  distributions,  the 
values  of  int  for  collision  with  nuclei  are  nea¬ 
rest  to  the  Ruterford  cross  sections. 

At  the  collision  velocities  V  exceeding  the 
atomic  electron  velocities  in  ionized  sub-shell  the 
values  of  approach  the  Rutherford  cross 

sections  in  some  range  of  angles  ^  .  This  range 

of  $  increases  with  V.  The  rapid  decrease  of 
— ■ JjT  at  large  angles  as  compared  with  the 

Ruterford  cross  sections,  indicate  that  these  appro¬ 
ximations  can  not  be  used  in  this  case. 

Such  calculations  of  the  angular  distributions 
give  information  on  their  behaviour  at  small  angles 
%  and  are  of  interest  in  particular,  with  a  view 
of  making  the  multiple  scattering  theory  more  accu¬ 
rate,  The  proposed  method  make  it  possible  to  cal¬ 
culate  the  angular  distributions  of  fast  ions  to  within 
accuracy  sufficient  for  quite  a  number  of  applica¬ 
tions  and ,  at  the  same  time,to  avoid  cumbersome  cal¬ 


culations. 


rr\ 


Figure  1.  Values  of  for  fast  p  or  H  after 

the  collisions  of  300  keV  H  with  hydrogen  tar- 
get.  Solid  and  dash  lines  -  for  ioniza¬ 

tion  of  H  on  H  and  p  respectively.  Dotted 

i  er 

line  -  -i  c  for  elastic  scattering  of  H  on  H. 

I  cr 

Double  dot-dash-  for  scattering  on  scree¬ 

ned  Coulomb  potential.  Dash-dot-  scattering 
of  p  on  p  , 


Figure  2.  The  same  as  in  Fig.  1  except  for  car¬ 
bon  target. 
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DOUBLE  AND  SINGLE  ELECTRON  CAPTURE  IN  1-2  NeV/u  08+-He  COLLISIONS 
R.  Hippier*,  S.  Datz,  P,  D.  Miller,  and  P.  L.  Pepmiller 
Oak  Ridge  National  Laboratory, +  Oak  Ridge,  TN  37831  USA 
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We  report  results  of  an  experimental  study  of  charge 
changing  collisions  of  bare  nuclei  with  He  atomsr  with 
particular  emphasis  on  the  double-capture  process.  In 
Fig.  1,  we  present  the  results  for  16-  to  32-MeV  08+-He 
collisions.  Our  measured  single-capture  cross  sections 
agree  with  measurements  of  MacDonald  and  Martin1  within 
the  quoted  accuracy  (±10%  for  the  present  measurements). 
Our  measured  double  capture  cross  sections  are  typically 
more  than  two  orders  of  magnitude  smaller  than  single¬ 
capture  cross  sections  (Fig.  1).  At  1  MeV/u,  the  double¬ 
capture  to  single-capture  ratio  is  ~6  x  10-3,  it  drops  to 
4  x  10"3  at  2  MeV/u.  These  numbers  are  consistent  with 
a  ratio  of  -10"2  estimated  by  Tawara  et  al.2  for  15-MeV 
F,+-He  collisions.  However,  our  measurements  for  double¬ 
capture  cross  sections  are  a  factor  of  -10  smaller  than 
those  reported  by  MacDonald  and  Martin1  for  the  same 
system.  The  discrepancy  may  be  due  to  the  small  ratio  of 
double-  to  single-capture  cross  sections  which  makes  it 
particularly  difficult  to  separate  true  double  capture 
from  two-sequential  single-capture  events.  This  separa¬ 
tion  was  achieved,  in  the  present  investigation,  by  per¬ 
forming  measurements  at  different  gas  pressures  and  by  a 
careful  analysis  of  this  pressure  dependence. 

The  present  double-  to  single-capture  cross  section 
ratios  are  also  considerably  smaller  than  first-order 
theoretical  estimates.  Using,  for  example,  a  classical 
Bohr-Lindhard  model,  the  probability  Pc  for  electron 
capture  may  be  expressed  as3 

pc  *  (v/a)  (pc/vi) 

with  v  and  a  the  target  electron  velocity  and  radius, 
respectively,  and  v  the  projectile  velocity.  The 
distance  Rc  below  which  capture  occurs  is  given  as 

Rc  =  2  q  a0  (v0/vj  )2 

with  a0  and  v0  Bohr  radius  and  velocity,  respectively, 
and  q  the  projectile  charge.  In  an  independent 
electron  model,  the  double-  to  single-capture  cross 
section  ratio  is  ~Pc/2,  amounting  to  0.22  and  0.08  at 
1  and  2  MeV/u,  respectively.  These  numbers  are  larger 
than  the  experimental  values  by  factors  of  about  36  and 
20,  respectively. 

At  the  velocities  under  consideration  here,  a  large 
fraction  of  electrons  is  expected  to  be  captured  into 
excited  projectile  states.  For  two-electron  capture, 
these  states  can  autolonize,  and  hence,  escape  detection 
as  double-capture  events. “  To  be  detected  as  a  double- 
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FIGURE  I.  Present  data  for  single  (o)  and  double  (•) 
electron  capture  cross  section  for  0  -He  collisions. 

A,  data  of  Ref.  1  for  single  capture. 

capture  event  either  one  or  both  of  the  two  electrons 
must  be  captured  into  a  Is  state  (about  0  and  5%  probabi 
1 1 ty  at  1  and  2  MeV/u)  or  the  doubly  excited  state  must 
be  radiatively  stabilized  (estimated  fluorescence  yield 
-10%).  With  these  considerations,  the  present  data  are 
qualitatively  understandable.  Data  which  will  be  pre¬ 
sented  on  other  bare  nucleus-He  atom  collisions  show 
similar  tendencies. 
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ATOMIC  CHARGE  EXCHANGES  IN  CLOSE  COLLISIONS  BETWEEN  Ar 


IONS 


AND  TARGETS  IN  THE  MeV  ENERGY  REGION 

I.  Ben  Itzhak*,  D.!V.  Mingay**  and  B.  Rosner* 

*Department  of  Physics,  Technion,  Haifa  32000,  Israel 
**Xudear  Development  Corporation,  Pretoria,  South  Africa 


Charge  state  distributions  of  argon  ions  after  small 
impact -parameter  collisions  with  nitrogen,  neon,  argon, 
krypton  and  xenon  gases  were  studied.  Argon  beams  in 
the  1.5- 3.0  MeV  energy  range  with  charges  3+  and  4+ 
were  obtained  from  5.75  MeV  van  de  Graaff  accelerator  at 
Pelindaba  and  were  scattered  under  conditions  allowing 
only  single  close  collisions  by  nitrogen,  neon,  argon, 
krypton  and  xenon  gas  targets  to  angles  between  0.5°  and 
4.0°.  The  differentially  pumped  target  cell  in  the  form 
of  a  hollow  cylinder  10  mm  in  diameter,  with  0.5  mm  dia¬ 
meter  entrance  and  1  mm  diameter  exit  apertures,  was 
mounted  in  the  centre  of  a  n  off-set  1.1m  diameter 
scattering  chamber. 

The  incoming  beam  was  defined  by  a  variable  col¬ 
limator  prior  to  its  entrance  into  the  chamber.  A  given 
charge  state  was  then  selected  by  appropriately  setting 
an  electrostatic  deflector,  resulting  in  the  beam  being 
directed  along  the  radius  of  the  chamber  into  the  gas 
cell.  The  selected  target  gas  was  continually  fed  into 
the  gas  cell  through  a  regulator  and  needle  valve  to 
maintain  the  desired  pressure,  and  thereby  the  target 

thickness.  The  scattering  angle  was  defined  by  a  pair 
of  adjustable  slits.  Particles  scattered  through  the 
slit  system  continued  into  a  second  electrostatic  ana¬ 
lyser  where  the  different  emergent  charge  states  were 
separated  and  detected  by  a  position-sensitive  detector. 
The  defining  slits,  charge  analyser  and  detector  were 
mounted  on  a  radial  support  arm  for  which  the  angular 
position  could  be  externally  controlled  to  an  accuracy 
of  ' 0 . 03° . 
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FIGURE  2 

Figure  1  presents  the  angular  distribution  of  the 
individual  outgoing  charge  states  for  scattering  of 

+4 

3  MeV  Ar  ions  from  light  N-,  and  heavy  Kr  gas  targets 
under  single  collision  conditions.  It  can  be  clearly 
seen  that  the  distributions  become  almost  independent  of 
the  scattering  angle  for  small  impact  parameter  collisions 
of  the  order  of  the  K-shell  radius  of  the  united  atom, 
where  the  electron  clouds  of  the  colliding  partners  al¬ 
most  overlap. ^ 

The  angular  distributions  of  the  average  outgoing 
charge  <q>  for  all  five  gas  targets  are  shown  in  Figure  2. 
The  average  charges  depend  on  the  target  gas  and  have 
higher  values  for  the  heavier  targets.  They  are  even 
higher  from  the  corresponding  values  obtained  for  the 
passage  of  argon  ions  in  solid  targets  at  the  same  bomb¬ 
arding  energy. 

Reference 

1.  Charge-exchange  processes  in  close  atomic  collisions, 
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DOUBLE  t~  TO  K-  SHELL  VACANCY  TRANSFER  IN  SLOW  COLLISIONS 
OF  BABB  IONS  AMD  ATOMS 


E.  Justiniano,  M.  Schulz,  R.  Schuch,  A.  OppenlSnder,  H,  Schmidt-BCcking*'  W.  Schadt*,  and  P.  Mokler* 
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We  have  recently  reported  the  observation  of  oscil¬ 
lating  Ar  K-vacancy  production  probabilities  as  a  func¬ 
tion  of  impact  parameter  in  slow  collisions  of  hydrogen¬ 
like  S  ions  with  Ar1.  These  oscillations  could  be  ex¬ 
plained  as  interferences  arising  from  the  coherent  sum  of 
the  Iso  -  2po  vacancy  transfer  amplitude  on  the  incoming 
and  outgoing  parts  of  the  collision  trajectory.  Compari¬ 
son  of  those  results  with  theoretical  calculations  re¬ 
vealed  discrepancies  in  the  predicted  height  of  the  in¬ 
terference  extrema.  These  discrepancies  could  arise  from, 
e.g.  the  contribution  of  charge  transfer  to  states  other 
than  Iso  and  2po  or  from  a  general  limitation  of  the 
theories,  namely  their  treating  of  this  problem  as  that 
of  an  active  K-electron  in  the  presence  of  an  average 
field.  Experiments  with  bare  ions  are  especially  well 
suited  for  testing  this  second  possibility  since  here  two 
electrons  can  be  transferred  and  possibly  in  a  correlated 
fashion . 

In  the  present  work  we  report  measurements  of  im¬ 
pact  parameter  dependent  single  and  double  K-vacancy 
transfer  probabilities  for  0.5  MeV/amu  S  on  Ar  and 
4.6  MeV/amu  Kr  +  on  Mo  collisions.  These  experiments 
were  carried  out  at  the  MP-Linac  facility  at  MPI-Kern- 
physik  in  Heidelberg  and  at  the  UNILAC  at  GSI  in  Darm¬ 
stadt  by  poststripping  the  desired  beams  at  high  energy 
followed  by  deceleration  with  the  single  resonators  to 
the  chosen  low  energies.  In  a  multi-parameter  experiment 
K  x-rays  and  scattered  projectiles  were  observed  in  coin¬ 
cidence  which  allowed  the  determination  of  impact  parame¬ 
ter  dependent  probabilities  for  double  K-vacancy  trans¬ 
fer,  single  K-vacancy  transfer,  and  no  K-vacancy  transfer 
from  the  projectile  to  the  target  atom. 

The  results  of  this  work  will  be  discussed  in  com¬ 
parison  to  different  theoretical  calculations . 

This  work  supported  by  BMFT. 

1.  R.  Schuch,  H.  Ingwersen,  E.  Justiniano. 

H.  Schmidt -Backing,  M.  Schul2  and  F.  Ziegler,  J. 

Phys.  B:  At.  Mol.  Phys .  12.  2319  (1984). 


ELECTRON  CAPTURE  CROSS  SECTIONS  IN  FAST  ION-ATOM  COLLISIONS 


H.-D.Betz  and  R. '.Soppier 

Sektion  Physik,  Universitat  Munchen,  8046  Garching,  W. -Germany 


Electron  capture  by  fast  ions  in  collisions 
with  target  atoms  has  received  appreciable 
attention  for  some  5  decades.  Nevertheless,  im¬ 
portant  progress  could  be  achieved  in  recent 
years:  the  Eikonal  (EA— )  treatment^  allows  cal¬ 
culation  of  cross  sections  ■  (n,i)  which  are 
much  more  accurate  than  the  first  Born  approxi¬ 
mation  (OBK,  B1)  and  a  multiple  scattering  theo- 
2 

ry  (CDW)  has  been  developed  to  obtain  cross 
sections  •  (n,i)  in  a  higher-order  approxima¬ 
tion.  In  the  past,  there  have  been  only  a  few 
attempts  to  investigate  experimentally  the  fi¬ 
nal-state  ( n ,  v. )  population  following  high-velo¬ 
city  capture2,  although  theoretical  predictions 
may  substantially  differ.  We  present  such  an 
investigation  which  is  sensitive  to  the  total 
capture  cross  section  and  to  the  distribution 
of  ..-states. 

The  Munich  Tandem  van-de-Graaf f  accelera¬ 
tor  has  been  used  to  pass  125-MeV  sulphur  ions 
with  initial  charge  16*  (fully  stripped)  thr  ugh 

dilute  target  gases  of  He,  N^  and  Ne.  An  x-ray 
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Tab. 1 .  Capture  cross  sections  and  intensity  ra¬ 
tios  of  Ly-'i  and  Ly-2  radiation  for  125-MeV 
sulphur  ( 1  6 + )  ions  colliding  with  various  tar¬ 
get  species.  Values  in  parenthesis  take  into 
account  capture  from  the  L-shell  of  target 
atoms . 

detector  recorded  K  x-rays  following  capture 
into  excited  states.  This  data  was  then  com;  a- 
red  with  x-ray  intensities  which  follow  from 
initial  excited-state  populations  given  by  va¬ 
rious  theories  for  electron  capture,  whereby 
cascading  has  been  taken  into  account. 

Fig.1  displays  the  greatly  differing  £- 
distributions  obtained  from  the  various  models. 
Tab.)  lists  both  total  cross  sections  and  the 
ratio  of  Ly-r  and  Ly-F  x-ray  intensities  ob¬ 
tained  from  experiment  and  theory;  it  turns 
out  that  this  ratio  is  sensitive  to  the  J- 
distribution  of  the  initial  population.  Inspec¬ 
tion  of  Tab.)  reveals  that  the  CDW  approxima¬ 
tion  gives  the  best  reproduction  of  the  expe¬ 
rimental  data.  In  particular,  it  can  be  stated 
that  both  OBK  and  EA  do  not  lead  to  1-distri¬ 
butions  which  are  realistic  for  all  targets.  We 
stress,  thouah,  that  all  theoretical  models  are 
not  strictly  applicable  for  non-hydrogenic 
targets . 

This  work  was  supported  by  the  Bundes- 
ministerium  fur  Forschung  und  Technoloaie. 
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Fig.1:  Calculated  capture  cross  sections  for 
125-MeV  sulphur  (16+)  in  nitrogen,  as  a  function 
of  final  state  i  for  fixed  n=8. 
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Single-electron-capture  and-loss  cross  sections 
for  collisions  of  a  number  of  ion  species  (Sq+,  Arq+ , 
vq  and  Caq  (q=13  to  23))  ,  incident  on  various  gas 
targets  (H2,  He,  Ne  and  Ar)  have  been  measured  over  a 
wide  energy  range  (0.5  Mev/amu  to  9  MeV/amu) . 

The  energy  dependence  of  the  electron-capture 
cross  sections  will  be  compared  with  the  general  pre¬ 
dictions  of  various  theoretical  approaches  and  an 
empirical  scaling  rule.  For  the  present  collisions  — 
varies  from  4.4  to  19,  where  v  is  the  projectile 
velocity  and  vQ  is  the  Bohr  velocity.  This  is  generally 
considered  to  be  in  the  intermediate  to  high  velocity 
regime  for  electron  capture. 

In  the  electron-loss  collisions  varies  from  O.f 

ve 

to  2.0,  where  ve  is  the  velocity  of  the  electron  most 
likely  to  be  lost  by  the  projectile.  Classical  theory1 
predicts  the  energy  dependence  of  the  electron-loss 
cross  sections  should  exhibit  a  broad  maximum  in  this 
reg ion . 

Over  a  wide  energy  range,  for  example  that  avail- 

1  34- 

able  in  the  present  measurements  for  S  in  He  (0.45 
to  6  MeV/amu) ,  the  electron-capture  cross  section  energy 
dependence  is  found  to  steepen  with  increasing  energy. 
However,  over  a  more  limited  range  of  energies  it  was 
ound  that  the  electron-capture  cross  sections  for  a 
particular  ion-target  pair  could  be  fitted  to  a  simple 
power  law  7  =  'J0E&,  where  E  is  the  projectile  energy  in 
MeV/amu.  The  value  of  the  exponential,  x,  was  found  to 
he  approximately  the  same  for  different  charge  states  of 

the  same  species  in  the  same  target  gas.  For  example, 

16+, 17  +  18+  . 

ror  Ca  m  He,  the  energy  dependence  was 

E  for  energies  between  3.5  and  9  MeV/amu. 

From  figure  1  it  appears  that  the  energy  depen¬ 
dence  over  the  same  energy  range  is  dependant  on  the 
target  gas,  with  collisions  in  heavier  gas  targets  hav¬ 
ing  a  less  pronounced  energy  dependence.  The  present 
lata  is  consistent  with  the  empirical  scaling  rule  for 
electron  capture'’  which  can  be  applied  to  various  n as 
ta  rgets. 

In  general  terms  the  measurements  are  consistent 
with  theoretical  wor.u  on  electron  capture  which,  based 
on  atomic  hydrogen  targets,  suggests  that  the  energy 
dependence  at  the  present  energies  .should  re  increasing 
towards  the  high  energy  asymptotic  limit  of  either  E 


The  electron-loss  cross  sections  for  all  the 
nresent  measurements  exhibit  a  broad  maximum.  The 
velocity  at  which  the  peak  value  is  found  is  between  v, 
and  2ve,  which  is  consistent  with  classical  theory1. 

The  position  of  the  peak  value  appears  to  be  dependent 
on  the  target  gas,  being  around  vv  for  Ho,  I  .  5  vr>  for  Ne 
and  1.75  vn  for  Ar. 
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COMPARISON  OF  ELECTRON  CAPTURE  PROCESS  IN  CAS  AND  SOLID  TARCETS 
FOR  35  MeV/u  Kr36+  IONS* 

J.P.  Rozet,  A.  Chetioui,  P.  Bouisset 

Institut  Curie  and  Universite  P  &  M  Curie,  11  rue  P  &  M  Curie,  75231  Paris  Cedex  05,  France 

and  C.  Stephan 

Institut  de  Physique  Nucl^aire,  BP  n°l,  91405  Orsay .  France 


New  results  on  electron  capture  for  high  velocity, 
fully  stripped  heavy  ions  will  be  reported. 

A  preliminary  experiment  has  been  achieved  on  the 
LISU  facility  at  GANIL  in  Caen  (France).  Post  stripping 
of  the  incident  35 MeV /uKr36*ions  by  a  6mg/cm“  carbon 
foilleadsto  the  production  of  fully  stripped  Kr'i6+ions 
with  an  efficiencv  of  about  50%.  X-rav  spectra  corres¬ 
ponding  to  the  Lyman  and  Balmer  transitions  emitted 
from  the  excited  states  of  hydrogen  like  Hr'5'**  produced 
by  electron  capture  have  been  recorded  for  three  solid 
tirgets  (C  :  20  ,.g/cm2.  Al:5  ,.g/cmZ.  V  :  3  i  g/cm2)  and 
one  argon  gaseous  target. 

Host  proemiment  features  of  the  results  are  sum¬ 
marized  in  figure  1  and  figure  2.  One  may  note  that  : 

(i)  The  total  Lyman  X-ray  emission  cross-section, 
equivalent  to  the  total  capture  cross  section  to 
excited  states  of  projectile  (for  this  high  Z  element, 
radiative  lifetime  of  2  s  state  is  short  enough  to 
allow  observation  of  its  radiative  decay  within  the 
observation  region)  measured  in  the  case  of  gaseous 
argon  target  is  in  good  agreement  with  CDW  calcula¬ 
tion  (1),  whereas  those  obtained  for  solid  targets 
are  significantly  larger  ; 


Figure  1.  Total  Lyman  line  emission  cross  sections; 

Experiment  ( - );  CDW  calculations  ( . ). 

Reference 

(1)  Dz  Belkic,  R.  Gayet  and  A.  Salin,  Comp.  Phys.  Com. 
32(1984)385. 

*  work  performed  at  GANIL  (Caen)  France. 


ii)  The  measured  population  ratios  of  n  =  2,  n  =  3 
and  n  =  4  excited  states  (a/B  and  a/y  relative  inten¬ 
sities)  also  differ  for  solid  and  gaseous  targets.  To¬ 
gether  with  the  previous  result  they  indicate  an 
excess  of  population  in  the  low  Vying  excited  p  states 
for  solid  targets.  This  could  be  due  to  an  inc  ase 
of  the  capture  cross  sections  in  projectile's  states 
of  small  principal  quantum  number  or  in  states  of 
high  angular  momenta  (Yrast  decay). 


Figure  2  .  Lyman  j/Lyman  8  and  Lyman  a  /Lyman  y 

relative  intensities  (lines  and  dots: same  as 
figure  1). 

Note  that  in  this  experiment,  a  direct  comparison 
of  gaseous  and  solid  target  measurements  is  achieved. 
Indeed,  a  very  important  feature  of  the  elementary 
atomic  collision  processes  for  these  high  velocity 
collisions  is  their  very  small  cross-sections.  As  a 
consequence,  the  total  probability  for  interaction  of 
the  ions  inside  our  thin  solid  targets  remains  very 
low  and  doesn't  exceed  few  percents,  all  processes 
included.  In  other  words,  the  single  collision  condi¬ 
tion  is  fulfilled. 

In  conclusion,  the  GANIL  accelerator  offers  the 
opportunity  to  study  under  new  conditions  all  possible 
effects  related  to  the  solid  state  structure  of  the  target, 
or  those  due  to  the  exit  interface. 
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CONTINUUM  DISTORTED  WAVES 


Derrick  S.F.  Crothers 

Department  of  Applied  Mathematics  and  Theoretical  Phys 
The  Queen’s  University  of  Belfast, 

Belfast  BT7  INN,  Northern  Ireland. 

Closed  analytical  results  are  obtained^or  the  first 
order  continuum  distorted-wave  non-relativis tic  double¬ 
scattering  Thomas  total  cross  sections  for  lsZ,  to 

A 

iigitmZg,  n^Zg,  ngZg  and  Zg  charge  transfer  transitions, 
where  omission  of  a  quantum  number  implies  summation. 

Specimen  1  and  m  distributions  are  presented.  It  is 
concluded  that  for  the  higher  values  of  2,  even  at 
intermediate  energies,  the  ra  distributions2 are  given 
essentially  by  (2- |m|  )  !  [p^”^  (cos  */3)]2/(2+jmj ) !  in 
accordance  with  the  second-order  Oppenheimer-Brinkraan- 
Kramers  theory  and  a  reflection  of  the  double-scattering 
Thomas  mechanism  involving  two  successive  deflections  of 
the  electron  through  60°. 

A  continuum  distorted  wave  (CDW)3theory  of  charge 
transfer  is  developed  to  second  order4!  Closed  analytical 
results  are  obtained  for  the  second-order  CDW  (CDW2)  non- 
relativistic  double-scattering  Thomas  total  cross 
sections  for  lsZA  to  OgimZg,  i\g2Zg  and  rigZg  charge 
transfer  transitions,  where  the  omission  of  a  quantum 
number  implies  summation.  It  is  proven  that  these  cross 
sections  agree  exactly  with  the  corresponding  second- 
order  Oppenheimer-Brinkman-Kramers  (0BK2)  non- 
relativistic  double-scattering  Thomas  cross  sections. 

The  first-order  CDW  (CDW1)  Thomas  theory  is  shown  to  be 
correct  fortuitously  for  only  lsZA  to  lsZfi 
transitions.  It  is  shown  that  the  CDW2-OBK2  cross 
section  for  the  lsZA  to  rigZg  transition  is  simply  the 
corresponding  CDW1  cross  section  multiplied  by  the 
Jacobi  polynomial  ^(l-tig.J;  2;  (4ZAZR/ng)  /  (ZA+Zg/ng)  2)  . 

Specimen  2  and  rig  distributions  are  presented.  It 
is  concluded  that  existing  criticisms  of  CDW  theory  are 
not  well  founded. 
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Ch  .rue  exchange  tor  neavy  ion-atom  colli¬ 
sion  naa  important  application  in  tne  aiagnos- 
ti  ex  ru...oii  plasma.  Electron  capture  by  He"  T 
ftum  Li  nel.-i.  to  determine  tne  alpha  particle 
aistrioution  ir.  not  plasma  in  nuclear  fusion 
reactor.  .•icCuiI»ug:i  et  ai*  have  made  their  mea¬ 
surement!:  o:  single  ana  double  electron  captu- 
re  in  He  -Li  collision  up  to  800  keV.  Sasao 
et  al^  nave  recently  rsporteu  t.neir  measuremen¬ 
ts  on  oouo.e  electron  capture  cross  section  of 
tne  sj:v;  reaction  .ip  to  1.0  Mev.  only  tneoreti- 
cai  investi  ..ation  cr.  tnis  system  in  nigh  ener¬ 
gy  region  has  sc;  tar  do  an  reported  Dy  ulsonJ  . 

He  n_--  t-i.c_i.te_  single  ana  aouula  electron 

2  * 

capture  cross  sections  in  He  -t-Li  system  witn- 
in  tne  aner_y  range  3o  to  400  keV  arnu  in  tne 
tratiework  of  -classical  trajectory  Monte  Carlo 
( C TMC i  methoc.  in  tne  present  paper,  *e  propose 
to  stuuy  sin.jle  a.na  oouole  electron  capture 
cross  sections  tor  Ke*-Li  collision  in  tne 
continuum  distorted  wave  approximation.  In  tne 
present  independent  electron  mooel  approach,  we 
consider  tne  electronic  state  to  oedescribed 
by  Her tree -Foe k  function  ana  the  effective 
cnur._.e  seen  oy  tne  active  electron  is  determi¬ 
ned  from  its  cinaing  energy  witn  a  nyaroge.nic 
moael.  Cone  iteration  of  effective  charge  over 
perfectly  screening  charge  is  more  realistic 
ana  this  h_s  recently  Deen  examined  by  Banyaro 
ana  unirtcinre  in  connection  with  their  stu¬ 
dy  o:  h*-Li  collision  in  CDW  approximation. 

_n  fig.(l,  we  compare  cur  results  for  sin¬ 
gle  electron  capture  cross  section  witn  tne 
exc r.-i.inxa i  resu.ts  of  McCullough  et  al  ana 
CTKC  results  cf  alien.  In  Fig. (2/  we  hCTve  com- 
..ereu  _ur  calculated  results  for  aounle  elec¬ 
tron  capture  with  tne  experimental  results  or 
.'*1  rC  u  1 .  ou  _  n  e-  a  r  . ,  Bases  et  a-  ana  oTMC  resu.— 
tu  cl  w.-un.  Ir.  tnis  figure,  in  11,  tne  elec- 
trw.vei-sctror.  interaction  in  tne  final  state  of 
helium  is  neglected  uuring  tne  collision  uric 
its  state  ir  writ  tan  as  a  product  of  two  nyaro- 
genic  oroital  in  tne  field  of  He'1-  nuclecus. 

In  (II;  the  final  state  cf  helium  is  written 
as  a  product  of  two  Hurtree-Fock  functions  or 
equivalently  tne  electron-electron  interaction 
is  replaced  by  an  avera-e  Hartree-Fock  poten- 
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Fig.l.  Total  single  electron  capture  cross  sec- 

tion  4He  incident  on  a  litnium  atom,  - , 

present  CDw  results,  -  results  from  ref. 3, 

•i  Expt.  results  from  ref.i  . 
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CALCULATION  OF  CROSS  SECTIONS  FOK  ELECTRON  CAPTURE  FRO.-.  MULTI-r.Lc.CTRU.  mIGMs  nV  ?„sT  IONS 

S.C.Mukherjee,  G.C.Saha*  ana  Shyamal  batta 
Department  of  Theoretical  Physics 
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Charge  transfer  cross  sections  from  the  14- 
shell  of  N  and  0  atoms  by  fast  protons  are  cal¬ 
culated  in  the  framework  of  the  continuum  in¬ 
termediate-state  approximation^  for  the  inci¬ 
dent  energy  varying  between  1  to  5  Mev  for  the 
H++0  ana  1  to  10  Mev  for  H++N  assymmetric  co¬ 
llisions  (2  /Z-7.  We  consider  the  active  elec¬ 
tron  moving  in  the  fiela  of  an  effective  nucle¬ 
ar  charge  and  expana  the  bound-state  wavefunc- 
tion  of  complex  atoms  onto  the  basis  of  Slater- 
type  orbitals.  The  other  electrons  are  consi- 
aerea  to  De  passive  ana  proviae  only  screening 
during  the  collision  process.  The  use  of  this 
inaepenaent-particle  moael  is  justified  aue  to 
the  wide  separation  of  binaing  energies  for  the 
inner  subshell  electrons'  . 

In  the  Strong  Potential  Born  Approxi.uatioi? 
or  Impulse  Approximation  the  calculation  of 
cross  sections  for  electron  capture  from  the 
multi-electron  atoms  with  realistic  wave  func¬ 
tion  into  the  final  hyaroyenic  states  with  ar¬ 
bitrary  quantum  numbers  is  very  difficult. 
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Fig.l:  Capture  into  all  states  oy  proton-  tram 

the  K-shell  of  nitrogen  atoms:  Theory:  - , 

present  work; - CDWA  calculations  (kef.l/; 

Expt:  atomic  target;  O  »  (ksf.8/:  molecular 
targets:AjRef .67;  •>  (Ref . 4; ;  0  , (kef. 5 7 ; 

9,  (R  a  f .  7  >  . 


Although  our  method  introduces  an  error  of  tne 
oraer  of  (Zp/v/” ,  one  can  have  an  estimation  or 
cross  section  with  reasonable  accuracy  in  tne 
high  energy  region.  The  present  luc-tnoc  h=s  been 
developea  ror  the  evalu.tion  of  Coulomb  integr¬ 
al  containing  tne  prouuct  or  a  Coulomb  wave 
function  with  Slater  type  oroital  in  a  closea 
font  in  terms  or  tne  tUussian  nyper geometric 
function. 

The  theoretical  valu.s  for  the  total  cross 
sections  are  ootained  rrort  the  relation,  . 

tOCd  - 

=  u,  +  1.61o(u_,  twi  7.  as  tne  contriputions  fran 
IS  2  o  £ 

tne  higner  excitea  states  are  touria  to  be  neg¬ 
ligible.  sur  results  are  in  excellent  agreement 

witn  tne  Continuum  Distorted  wave  approximation 

1  4—8 

(CDWA;  calculations  ana  the  observea  data 

throughout  tne  energy  ran-e. 
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POTENTIAL  SCREENING  IN  INNER-SHELL  ELECTRON  CAPTURE 
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We  consider  the  electron  capture  process  from  the 
inner  shell  of  an  atom  of  large  nuclear  charge  Z T  by  an 
incident  bare  ion  of  charge  Zr  ,  for  which  ZT»  Zr  • 

The  traditional  Impulse  Approximation  (IA)  is  intended 
to  solve  the  high  ion  velocity  v  region  problem,  in 
spite  of  two  severe  assumptions  which  are  included  in 
this  approach.  First  the  intermediate  electronic  wave 
function  is  approximated  by  a  Coulomb  wave  centered  at 
the  target  nucleus.  It  may  be  a  good  ansatz  for  hidro- 
genic  targets,  but  for  inner-shell  electron  capture 
processes  we  are  fully  entitled  to  consider  a  target 
potential  shielded  at  a  radius  R  of  some  outer  shell. 
Here  we  want  to  explore  the  possible  consequences  of  a 
shielding.  Second  the  pure  coulombian  electronic  wave 
function  is  approximated  by  its  on-shell  version.  The 
difference  Ak  between  the  impulse  k4of  the  electron  on 
the  intermediate  state  and  that  k  on  the  final  state  is 
about  Zp/2v  .  It  is  large  enough  to  require  the  use  of 
an  off-energv-shell  wave  function  for  the  electron- 
target  nucleus  relative  motion.  A  coulombian  state  has 
a  branch  point  when  Ak  — »  0  and  does  not  approach  a 
defined  on-energv  limit.  The  exact  expression  of  that 
state  is  quite  complicated,  but  when  A  k  is  small  it 
can  be  approximated  by  a  corrective  factor 
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times  the  on-shell  wave  function.  Nonanaly t ic ity  means 
that  this  factor  will  persist  even  for  Ak— ‘0.  The 
Strong  Potential  Born  (SPB)  approximation'  is  intended 
to  be  valid  when  ZT  >”»  Z?  and  introduces  the  off-shell 
correction  given  by  Eq.  (I)  for  extending  the  IA  down 
to  the  intermediate  ion  energy  region.  Neglecting  orders 
Z?l  v  the  SPB  cross  section  can  be  written  as  a  projec- 
t ile-independent  factor 


on-shell  limit  is  obtained  for  wave  function  and 
scattering  amplitude.  On  this  basis  alone,  it  is  appa¬ 
rent  that  the  coulombian  off-shell  correction  factor  is 
not  substantiated. 

Let  us  investigate  the  consequences  arising  in  inner- 
shell  capture  calculations  when  the  electron-target 
potential  is  cut  at  distances  larger  than  certain  radius 

R.  A  similar  problem  has  been  recently  discussed  for  the 

2 

capture  to  continuum  process  .  For  finite  R,  Eq.  (2)  is 
no  longer  valid.  In  this  case  a  dependence  on  the  cutoff 
procedure  is  likely  to  appear.  For  the  cutoff  Coulomb 
potential,  the  off-shell  corrective  factor  is  given,  to 

3 

order  1/R  ,  by 

-  i  a  (in.  1 2  k  R ) 

t R . Ki )  =  e  ,F,(-id:  i-ia.  i(k-ki)R)  O) 

In  the  usual  IA  apprach  gR  is  taken  as  unity,  while  in 
the  SPB  correction  its  pure  Coulomb  limit  R -*■«=<•  is 
considered.  Quite  obviously  none  of  these  limits  is 
valid.  In  particular  the  SPB  limit  requires  R  »  2v  /zj, 
a  condition  which  evidently  is  not  fulfilled  at  the 
intermediate  energy  region  where  this  modified  IA 
approach  is  supposed  to  be  valid. 

Finally  we  have  to  point  out  that  using  expression 
(3)  in  order  to  correct  the  SPB  factor  (2)  may  lead  to 
unrealistic  conclusions  in  view  that  it  is  related  just 
to  a  large  range  limit  of  the  off-shell  function  for 
the  cutoff  Coulomb  potential.  This  expression  is  not 
valid  for  R  small  and  the  exact  screened  T  matrix  is 
required.  In  this  case  an  off-shell  correction  is 
likely  to  appear,  but  it  will  surely  be  less  dramatic 
than  the  one  provided  by  Eq.(2)  in  the  SPB  correction 
of  the  IA  approach. 


References 


u‘ct  u 


(U‘i 


(2) 


times  the  peaking  IA.  This  factor  is  a  direct  consequen¬ 
ce  of  an  off-shell  intermediate  electronic  wave  function, 
corresponding  to  a  pure  Coulomb  electron-nucleus  inte¬ 
raction  whose  long  range  nature  is  the  responsible  for 
the  on-shell  branch.  However  for  shielded  potentials 
these  branch  singularities  disappear  an  a  well  defined 
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CALCULATION  OF  DIFFERENTIAL  CHARGE-TRANSFER  CROSS  rECTlUN  IN  THE  INTERMEDIATE 
AND  HIGH  ENERGY  RANGE  BASED  ON  THE  F  ADDEE  V-ME  R  K  >  RIEV  Eg*  ATlU\r 

A.L.  Godunov,  Sh.D.  Kunikeev,  V.S.  5criu--fif'rtko 
Institute  of  Nuclear  Physics,  Moscow  State  University1,  Moscow,  1 1 9B99f  USSR 


We  discuss  the  differential  cross  section  of 
charge  exchange  between  protons  and  hydrogen  or 
helium  obtained  by  the  method*  of  theoretical  des¬ 
cription  of  ion-atom  collisions  allowing  for  the  inte¬ 
raction  in  final  state.  According  to  this  method,  the 
amplitude  ot  electron  capture  by  a  fast  particle  is 
calculated  with  the  final-state  wave  function  which 
is  an  approximate  solution  to  the  Faddeov—  Merkuriev 
equation  tor  the  system  of  three  charged  partic  les 
when  two  of  them  form  a  bound  state*  The*  nonortho¬ 
gonality  of  the  initial-  and  final-state  wave  function.- 
with  respect  to  the  variables  of  the  bound  pair  ha¬ 
ving  been  taken  into  account,  certain  modifications 

o 

arise  in  the  transition  operator*1*.  If,  however,  the 
amplitude  is  calculated  disregarding  heavy  particle 
interaction  in  both  the  wave  function  and  the  transi¬ 
tion  operator,  the  resulting  simplified  expression  will 
coincide  with  the  peaking  form  of  the  impulse  ap¬ 
proximation^. 

The  differential  cross  section  of  electron  cap¬ 
ture  by  protons  in  helium  and  hydrogen  calculated 
within  the  above  approximations  are  analyzed  in  a 
wide  energy  range  of  colliding  particles.  The  calcu¬ 
lations  have  shown  that  inclusion  of  electron  interac¬ 
tion  with  residual  ion  by  the  method*  yields  the 
Thomas  peak  observed  in  the  differential  cross  sec¬ 
tion  of  fast  proton  charge  exchange  with  helium^. 
Replacement  of  the  Coulomb  wave  function  describ¬ 
ing  the  effect  of  residual  ion  field  on  the  captured 
electron  motion  by  its  asymptotic  expression  lead?- 
to  the  monotonically  varying  differential  cross  sec¬ 
tion  without  any  peculiarities  in  its  angular  depen¬ 
dence. 

Fig.  1  illustrates  the  results  of  calculation? 
of  the  differential  cross  section  of  charge  exchange 
between  protons  and  helium  together  with  the*  avail¬ 
able  experimental  data*  Curve  1  presents  the  comple¬ 
te  calculations,  and  curve  2  the  calculation.-,  without 
the  interaction  between  heavy  particles.  Comparison 
of  the  calculated  and  experimental  data  shows  that 
the  inclusion  of  the  heavy-particle  interaction  can 
significally  improve  the  agreement  between  the  cal¬ 
culated  and  experimental  charge-transfer  cro-?  sec¬ 
tion  for  large  scattering  angles*  Beside-  that  the 
cross  section  calculated  without  heavy-particle  in¬ 
teraction  taken  into  account  in  the  transition  opera¬ 
tor  coincide  actually  with  the  calculation?  made 


when  the  traii.-ihon  operator  i-  modified  by  l he 
allowance  lor  the  nonorthogon* ilitv  of  the  mitial- 
-and  final-state  wave  function.  Thi?  i-  a  consequen¬ 
ce  of  the  fad  that  c  harge  tran.-ier  prot-  e--e.-  occur 
mainly  at  relatively  small  int* -rniic l«*ar  distance:-. 
Thus,  the  agreement  obtained  between  the  calculat¬ 
ed  and  experimental  data  lend-  u.-  to  the  conclusi¬ 
on  that  the  method*  is  quite  adequate  for  calcula¬ 
ting  the  differential  ch.  irge-tran.-fer  cros.-  section 
in  a  wide  energy  range. 
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THEORY  OF  ELECTRON  CAPTURE  AT  HIGH  ENERGIES 

Steven  Alston 

Fakultat  fur  Physik,  Universitat  Freiburg,  D-7800  Freiburg,  BRD 


Differential  cross  sections  for  electron  capture  in 
proton-Helium  collisions  have  been  measured1  recently  at 
MeV  energies.  The  classically  introduced  Thomas  double¬ 
scattering  mechanism,  whereby  the  almost  free  electron  is 
scattered  first  off  the  projectile  at  60°  to  the  forward 
direction,  attaining  a  velocity  equal  to  that  of  the  pro¬ 
jectile,  and  subsequently  off  the  target  nucleus  elasti¬ 
cally  in  order  to  redirect  its  motion  to  be  parallel  to 
the  projectile's,  is  thought  to  play  a  significant  role 
in  the  dynamics  of  the  capture  process  at  these  energies, 
and,  in  fact,  to  dominate  at  asymptotically  hid:  energies. 
Yet  the  second-Born  approximation  to  the  capture  ampli¬ 
tude  which  represents  the  lowest  order  quantum  analogue 
of  the  Thomas  mechanism  reproduces  the  data1  quite  in¬ 
adequately  (except  in  order  of  magnitude). 


Recently,  a  higher-order  distorted-wave  Born  (DUB) 
theory2  of  capture  has  been  derived  as  a  symmetric  exten¬ 
sion  of  the  asymmetric  strong-potential  Born  (SPB)  theory3. 
The  DWB  capture  amplitude  takes  the  form 


DWB 


„BI 


<<fVTC oW 


(1) 


where  TB1  is  the  first  Born  amplitude,  Vp,  are  the 
electron-  projectile  and  electron-target  nucleus  potentials, 
and  G*  is  the  f ree-partic le  Green's  operator.  The  SPB  dis¬ 
torted  waves  are  defined 


|  ,Xj>  5  0*C~VT)  tf>  ,  lX.+  >  E  ( 1  +GpVp)  | $ .  >  ;  (2) 

Gp(GT)  is  a  Green's  operator  for  the  potential  Vp(V^,)  with 
the  target-nucleus  (projectile)  propagating  freely.  Plus 
j  and  minus  signs  denote  out-  and  in-going  wave  boundary 

conditions,  respectively.  The  initial  and  f'nal  asymptotic 
.  states  are  products  of  plane-waves  of  relative  mo- 

i  tion  and  bound  state  wavef unctions. 


Simply  rewriting  (l)  using  (2),  one  obtains  the  ex¬ 
pression 
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which  is  the  second-order  approximation  to  the  Faddeev- 
Watson  amplitude4.  Here,  Tp  and  T^  denote  the  transition 
operators  Vp+VpGpVp»  respectively.  Thus,  the 

DWB  amplitude  is  an  application  of  the  general  Faddeev- 
Watson  scattering  formalism  (with  the  internuclear  poten¬ 
tial  set  equaL  to  zero). 


The  amplitude  (I')  has  a  very  straightforward  inter¬ 
pretation  in  terms  of  the  Thomas  mechanism.  When  the  hea¬ 
vy-particle  motion  is  integrated,  T^,  and  Tp  become  two- 


body  Coulomb  transition  operators.  Clearly  then,  the  full 
Coulomb  nature  of  the  two  collisions  in  the  mechanism  is 
accounted  for  by  the  use  of  Coulomb  T-operators.  I  have 
evaluated  (!')  approximately  by  neglecting  the  dynamic 
effects  of  the  initial  and  final  binding  of  the  electron. 
This  leads  to  an  impulse  approximation  to  the  Coulomb 
T-matrices.  Due  account  is  taken  of  the  off-shell  effects 
characteristic  of  the  Coulomb  problem3.  Figure  I  shows 
the  present  results  for  Is-ls  captures  in  7.40  MeV  pro¬ 
ton-Helium  collisions  along  with  those  of  the  continuum 
distorted-wave  theory,^3  the  SPB^B,  and  the  data.1  For  the 
DWB  and  SPB  results,  an  effective  charge  of  1.6875  in  a 
hydrogenic  model  is  used  for  the  Helium  wavefunction. 
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FIGURE  1  Is- Is  capture  from  Helium  by  protons. 
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The  second-Born  approximation1 (B2)  to  the  electron 
capture  amplitude  is  known  to  represent  the  lowest-order 
quantum  analogue  of  Thomas'  classically  derived  two-step 
picture  of  capture  where  a  double  scattering  of  the  elec¬ 
tron,  first  off  the  projectile  and  then  off  the  target 
nucleus,  provides  the  means  of  giving  the  electron  a  ve¬ 
locity  vector  roughly  equal  to  that  of  the  projectile 
so  that  it  can  be  captured.  At  asymptotically  high  velo¬ 
cities,  the  second-order  part  of  this  amplitude  yields 
the  leading  velocity  dependence,  namely  v  **,  of  the  to¬ 
tal  cross  section. 

Over  the  last  decade  or  so,  various  exact  (numeri¬ 
cal)  evaluations1  of  the  B2  amplitude  have  been  made, 
improving  on  the  original  peaking  approximation  of  Dris- 
ko2  (1 inear ized-propogator  approximation  or  LPA)  which 
concentrates  on  treating  the  Thomas  mechanism  contribu¬ 
tion  accurately.  The  exact  and  approximate  differential 
cross  sections  differ  greatly,  however,  at  realistic 
but  still  large  velocities.  For  example,  in  10  MeV  pro- 
ton-Hydrogen  atom  collisions  corresponding  to  v=20  a.u., 
the  discrepancies  range  from  33%  at  9*0°  to  a  factor  of 
5.9  at  the  cross  section  minimum  (see  Fig.  1)  to  18%  at 

the  Thomas  peak,  9=0.054°.  The  reason  for  the  LPA  being 

-2 

so  inadequate,  since  errors  of  the  order  v  should  be 
introduced,  has  not  been  fully  addressed. 

In  momentum  space,  the  second-order  part  of  the  B2 
amplitude  takes  the  form2 

T®2  =  /dk.dkf  ^(kf)VT(k.*J)G*Vp(kf-K».  (k.)  . 

Here,  a  tilda  denotes  a  Fourier  transform  and  are 

the  initial  and  final  bound  states,  Vp,  the  electron- 
projectile  and  electron-target  nucleus  potentials,  and 
Gq  the  free-particle  Green's  function.  The  momenta  trans¬ 
ferred  to  the  projectile  and  target  nucleus  are  K,  J,  re- 

32 

spectively.  A  close  look  at  T ^  shows  that,  besides  the 
peak  in  the  integrand  at  k_.«kj“0  which  leads  to  the  LPA 
when  VT (k . +J_ ) - ( J )  and  (k^-K) ~Vp (K) ,  there  are  two 

other  peaks  at  ]c.»0,  k-=K  and  kf  =0,  k .  =-J  which  have 

^  ^  —  1  /  2  "6 

heights  of  the  same  order  of  magnitude,  viz.  (ZpZ^,)  v  , 

away  from  the  Thomas  peak.  This  is  seen  by  putting  (to 

avoid  infinities)  small  cut-offs  on  the  potentials,  say 

k^  _>  Zp,  k^  >_  Z.J.,  and  looking  at  the  magnitude  of  the 

integrand  at  each  peak.  Zp,  Z^.  are  the  projectile  and 

target-nuclear  charges. 

B2 

I  have  evaluated  T^  for  ls-*ls  captures  using  pea¬ 


king  approximations  to  obtain  contributions  from  all 
three  peaks,  taking  due  care  to  avoid  double  counting. 
The  result  is 

B2  5  ^ZPZT^  222  i 

T2  =  “2  n  - —  {(K2-v2+ZZ-2Z  Ji-ZZ-Ki)"1 

(JKr  p  p 


p  r1  ,  •  v  .  i  i 

K‘+zp‘JK  n(  1  zT}  "  2(v+izT)-1 

JT+  zip  ln(l_1  Tj  ~  2(v+iZJ  ] 


Use  of  this  simple  analytic  expression  together  with 
B 1 

T  leads  to  significantly  better  agreement  with  the 
exact1  cross  section  as  Fig.  ]  shows. 

Physically,  the  present  idea  corresponds  to  allowing 
some  freedom  in  the  momenta  transferred  in  the  two  col¬ 
lisions  as  opposed  to  the  LPA  where  only  the  fixed  values 
K,  -J  are  allowed.  A  fuller  discussion  of  the  evaluation 
and  of  its  implications  for  othei  capture  theories  will 
be  presented  at  the  conference. 


1 ■  P-R-  Simony  and  J.H.  Me  Guire,  J.  Phys.  814,  L737 
(1981)  — 

2.  L.J.  Dube  and  J.S.  Briggs,  J.  Phys.  BJ_4 ,  4595  (1981) 
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FIGURE  1  Exact  and  approximate  B2  capture  cross  sections. 
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THE  NORMALIZATION  OF  APPROXIMATE  SCATTERING  STATES 


S.  Alston,  J.S.  Briggs,*  and  K.  Taulbjerg 


Fakultat  fur  Physik,  Universitat  Freiburg,  D-7800  Freiburg,  BRD 
Institute  of  Physics,  Aarhus  University,  DK-8000  Aarhus,  Denmark 


The  theory  of  atomic  collisions  is  generally  con¬ 
cerned  with  constructing  approximations  to  the  exact 
scattering  state  ft(K.),  where  is  the  initial,  rela¬ 
tive  momentum  of  the  projectile  and  target  and  the  plus 
sign  denotes  outgoing-wave  boundary  conditions.  It  is 
well  known  that  both  'tT(K.)  and  the  asymptotic  state 
❖  i (J< j)  from  which  it  evolves  satisfy  a  delta-function 
normalization  condition 

-  <i.  (K.')  ,  4.  (K.  )>  •  5(K.’-K.) 
i 

corresponding  to  the  necessity  of  conserving  flux  in  the 
collision.  A  good  approximate  scattering  state  should 
also  be  comparably  normalized  or,  if  not  exactly  so,  then 
the  errors  should  be  small  as  in  the  case  of  a  rapidly 
convergent  perturbation  series. 

One  widely  used  method  for  obtaining  an  approximate 

scattering  state  Xj(Kj)  is  the  distorted-wave  formalism1 

in  which  the  initial  perturbation  is  split  into  a 

distorting  potential  treated  exactly  and  a  residual 

interaction  VK.  Using  various  operator  manipulations  the 

scalar  product  for  v.(K.)  can  be  written 
1  —l 

x  (E'-E-LS)*1  <  x*  (K!)i(uT-U.)|xt(Ki)>,  (1) 

with  E  the  total  system  energy  and  6-»0+.  If  the  distor¬ 
ting  potential  is  hermitian,  XjQ^)  is  obviously  norma¬ 
lized,  but  for  nonherrait ian  U.,  the  situation  is  not  so 

i 

clear . 

Significant  strides  in  understanding  electron  cap¬ 
ture  at  intermediate  to  high  energies  have  been  made  in 
recent  years  in  the  form  of  the  strong-potential  Born-- 
(SPB)  and  distorted-wave  Born3  (DWB)  theories.  These 
theories  provide  an  example  where  the  distorting  poten¬ 
tial  U|  is  nonhermi t ian ;  in  this  case  the  residuaL  in¬ 
teraction  assumes  the  explicit  form  V^G^(E)Vp.  Here, 
Vp,  VT  represent  electron-projectile  and  e Lectron-target 
nucleus  potentials  and  C*(E)  is  the  free-particlc  Green's 
operator.  When  the  defining  expression  for  is  in¬ 

troduced  and  the  consequent  relation3 

*1 -  VT'XiCK.;-*.<Ki)> 

used,  equation  (1)  takes  the  form 

'*i<-i)ui(-i)>  -  aCKl-K^.CE’-E-io)'1 

x  (^i(Kj)|VT|X*(J<i)>-<x-(K;)iVT>i(Ki)>].  (2) 

We  have  employed  the  method  of  continuum-state  nor¬ 


malization  whereby  the  expression  Eq.  (2)  is  integrated 

over  the  angles  of  Kl-K.  and  over  a  small  interval 

AK.  =K.’-K.  with  AK.-K)  at  the  end,  to  obtain  a  value  for  the 
ill  i  * 

normalization  constant.  This  has  been  done  together  with 
the  use  of  the  of f-the-energy-shel 1  Coulomb  T-matrix  ele- 
ment^and  we  find  the  resulting  constant  N  to  be 


I  ♦  f  (Z„/ZT)2 


(e2’"-!) 


The  Sommerfeld  parameter  n  equals  Zp/v,  with  v  the  inci¬ 
dent  velocity,  and  Zp,  Z^  are  the  projectile  and  target- 
nuclear  charges,  respectively.  Clearly,  N  is  not  unity 
and  we  argue  that  a  properly  normalized  distorted-wave 
should  be  defined  as  N 

2 

For  large  velocities, n  and  N~1 +(5/4) (Zp/Z_)  while 
for  v-Zp,  n-1  and  N: 1 +(0.01 ) (5/4) (Zp/ZT>2 .  In  the  SPB 
theory  Zp  >>  Z T  and  one  finds  a  large  normalization  con¬ 
stant.  Since  the  SPB  (or  DWB)  scattering  state  involves 
the  summation  of  an  infinite-order  perturbation  series, 
it  is  not  surprising  that  a  significant  loss  of  normali¬ 
zation  can  occur.  The  implications  of  the  normalization 
of  the  scattering  state  for  direct  and  radiative  elec¬ 
tron  capture  will  be  discussed  at  the  conference. 

1.  C.J.  Joachain,  Quantum  Collision  Theory  (North  Hol¬ 
land,  Amsterdam  1975),  Ch.  17 

2.  J.  Macek  and  S.  Alston,  Phys.  Rev.  A26,  250  (1982) 

3.  K.  Taulbjerg  and  J.S.  Briggs,  J.  Phys.  B1 6,  3811  (1983) 

4.  J.  Nuttall  and  R.W.  Stagat,  Phys.  Rev.  A^,  1355  (1971) 
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NUMERICALLY  GENERATED  OFF-SHELL  RADIAL  WAVEFUNCTIONS 


Hermann  Marxer  and  Steven  Alston 


Fakultat  fur  Physik,  Universitat  Freiburg,  D-7800  Freiburg,  BRD 


A  recent  advance  in  the  theory  of  electron  capture 
in  asymmetric  collisions  at  intermediate  velocities  has 
been  the  recognition  of  a  strong-potential  Born  (SPB) 
approximation*  as  the  proper  first-order  term  in  a  con¬ 
sistent  expansion  of  the  transition  operator  in  the  weak¬ 
er  of  the  two  perturbation  potentials.  Although  the 
theory  is  independent  of  the  explicit  form  of  the  strong 
potential,  in  practice  it  has  proven  convenient  to  work 
with  a  hydrogenic  model,  as,  for  example,  is  the  case  in 
inner-shell  capture,  because  the  supporting  analytic  for¬ 
malism  is  more  fully  developed,  thus  facilitating  eval¬ 
uation  and  interpretation. 

Various  difficulties  concerning  this  model  exist, 
however.  In  particular,  the  problem  of  which  charge,  the 
bare  nuclear  one  or  some  screened  value,  to  use  in  the 
off-shell  factor  and  the  sensitivity  of  the  cross  section 
to  the  introduction  of  a  realistic  potential,  e.g.  Har- 
tree-Slater,  are  two  worth  mentioning. 

As  a  first  step  toward  addressing  these  issues  and 
eventually  toward  calculating  cross  sections  for  realis¬ 
tic  potentials,  a  set  of  rountines  for  generating  numeri¬ 
cal  radial  off-shell  wavefunctions  is  being  developed. 
These  wavefunctions  are  solutions  of  the  inhomogeneous 
radial  Schrodinger  equation 


Significant  variations  of  uQ  and  Uj  versus  <  are  apparent 
and  these  could  lead  to  modifications  of  the  conclusions 
in  Ref.  2.  Results  involving  a  Hartree-Slater  potential 
will  be  presented  at  the  conference  along  with  a  more 
complete  discussion  of  the  construction  procedure. 


0.1  0.2 


0.4  O.S®\  0.6 

Radius  (am.) 


-\ 


-  2V(r)  +  <2)  Ul(r)  *  (<2-k2)kr  j^kr),  (!) 


where  the  complex  u^(r)  is  related  to  the  full  wavefunc- 
tion  by  the  expansion 

C(*>  *iT?  ,?/(21+1)  ui(r) 

—  1*0 

Equation  (!)  is  solved  by  converting  it  into  an  integral 
equation  involving  the  radial  Green's  function  G*(e;r,r') 
for  the  potential  V(r);  G^  is  constructed  from  the  regu¬ 
lar  and  irregular  solutions  of  the  homogeneous  version 
of  (I).  The  off-shell  energy  t  is  equal  to  tc2/ 2,  is 
a  spherical  Bessel  function,  and  is  a  Legendre  poly¬ 
nomial  . 

For  the  case  of  a  Yukawa  potential,  -Ze  /r  and 
Z*!0  (neon),  Fig.  J  shows  a  comparison  with  the  regular 
homogeneous  solutions  (solid  curves)  of  the  real  part  of 
Uq  and  the  imaginary  part  of  Uj  for  various  <  values  with 
k  fixed  at  5.2  au.  The  imaginary  part  of  u^  and  the  real 

part  of  Uj  deviate  much  less  from  the  homogeneous  wave- 

functions  and  are  therefore  not  shown.  The  on-shell  ver- 

2 

sion  of  this  case  has  been  considered  in  a  recent  Letter. 


0.4  0.5  0.6 

Radius  (a. u . ) 


KRPPR  -  5.2 _ 

KRPPfl  -  5.1.  .  7 

. RfiFfflf  -  5.0  . 

’ ' TffiPPFf  -  Q . . _ 

~k gggr-_  4.8  ’ _ _ 


FIGURE  I  Off-snell  radial  wavef unct ions . 
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BOUNDARY  CONDITIONS  AND  THE  STRONG  POTENTIAL  BORN 
APPROXIMATION  FOR  ELECTRON  CAPTURE 


D.  P.  Dewangan  and  J.  Eichler 


^Physical  Research  Laboratory,  Navrangpura,  Ahmedabad,  380  009,  India 
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It  is  shown1  that  the  Strong  Potential  Born 


approximation*1  (SPB)  in  its  rigorous  form  leads  to  an 


electron  capture  amplitude  which  contains  a  diverging 


contribution,  a  fact  that  seems  to  have  escaped  atten¬ 
tion  so  far.  The  singularity  is  attributed  to  the 


neglect  of  the  proper  Coulomb  boundary  conditions. 


While  the  SPB  has  orginalLy  been  formulated4  in 
the  wave  picture  we  choose  here  the  equivalent  formula¬ 
tion  in  tne  impact  parameter  picture.  Let  $^(t)  be  the 
initial  time-dependent  (undistorted)  wave  function  of 
the  electron  in  the  target  (Zc),  and  $f(t)  the  final 
wave  function  in  rhe  projectile  (Zp)  traveling  with  the 
constant  velocity  v.  If,  furthermore,  V^e  and  Vpe  are 
the  electron-target  and  the  electron-projectile  inter¬ 
actions,  respectively,  the  impact  parameter  version  of 
the  SPB  capture  amplitude  is  given  by 


-  1  J  dt<4f(t)|vTe|®1(t)> 


+  (-1)2J  Jdt<sf(t>|vTJ*n(t)>J  dt,<&n(t,)|vpe|«i(t')> 


where  the  sum  is  over  a  complete  set  of  asymptotically 
undistorted  target-centered  states  3>n»  We  immediately 


behaves  as  -  Zp/R  for  large  internuclear  separations 
R(t);  and  hence  the  associated  time  integral  diverges. 

If  we  consider  the  wave  picture*  instead  of  the 
impact  parameter  picture  we  arrive  at  the  same  conclu- 


The  singularity  arises  from  the  long-range  nature 


of  the  Coulomb  interactions  Involved  in  the  problem. 

The  difficulty  is,  therefore,  avoided  in  a  natural  way 

3 

if  we  Impose  the  proper  Coulomb  boundary  conditions  on 
the  asymptotic  solutions,  i.e. 


h(t)  *  *i<t)e'lai(t) 


Jljg  F~(t)  -  5£(t)elofCt)  (2) 


with  o^Ct)  ■  (Zp/v)  In  (R  -  vt)  and  jf(t)  *  (Z^/v)  In 
(R  +  vt).  Note  that  the  logarithmic  phases  are  related 


to  che  residual  Coulomb  Interaction  between  electron 


and  projectile  or  target  and  not  to  the  Internuclear 
interaction.  If  the  boundary  conditions  for  the 
Coulomb  interaction  are  incorporated,  a  converging 


second-order  approximation  may  be  derived  from  the 


exact  amplitude 


B(t>  =  -i  el0f(c)|^7Y+  vTe|?t(t)>  O) 


by  introducing  a  complete  set  of  distorted  target  wave 
functions  $n(t)  exp  (-io^Ct)).  The  resulting 
"boundary-corrected”  second-order  Born  (B2B)  amplitude 


is  given  by 


BB2B(“)  -  -i  /dt<$f(t)eiof(c)|^Ly  +  VTe|ii(t)e"i0i(O> 
+<-i)2£  /  dt<*f(t)eiof(t)|i^r-+  VTJ®n(t)e-lol(t>> 

n-»  ' 

■  J  +  VPeK(t,)>  <*> 


Note  that  the  use  of  distorted  intermediate  target 


states  introduces  an  additional  perturbation  term  2p/R 


32r  cpfi 

into  B  which  is  absent  in  C  .  As  a  consequence. 


the  elastic  matrix  element  now  yields  a  potential  of 
short  range,  and  the  time  integral  converges. 


Having  concluded  that  the  singularity  in  the  SPB 


amplitude  (which  gets  lost  in  subsequent  approxi- 

C.Am  „  r.  1  „  „ «.  Ia  /  1  \  *  £  -  U 


nations  )  originates  from  the  neglect  in  (1)  of  the 
proper  boundary  conditions,  we  show  how  to  avoid  the 
difficulty  by  satisfying  the  Coulomb  boundary  condi¬ 
tions  for  all  states  involved.  Recently,  the  problem 
has  also  been  treated  in  different  ways.^’"* 
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COMPARISON  OF  EIKONAL  AND  STRONG  POTENTIAL  BORN  CROSS  SECTIONS 
FOR  HIGH  VELOCITY  CAPTURE  AT  FORWARD  ANGLES 

J.  H.  McGuire*  and  J.  Eichler** 

+  Department  of  Physics,  Kansas  State  University,  Manhattan,  KS  66506  USA 
Molecular  Physics  Department,  SRI  International ,  Menlo  Park,  CA  94025  USA 


Historically  the  eikonal  and  the  strong  potential 

Born  (SPB)  approximations  have  developed  from  conceptu- 

1  2 

ally  different  origins.  The  eikonal  approximation,  ’ 
which  represents  a  solution  to  the  Schrodinger  equation 
that  is  slowly  varying  in  coordinate  space,  does  not 
fully  incorporate  strong  distortions  that  may  occur  in 
close  collisions.  Hence  the  eikonal  approximation  is 
better  suited  to  large  impact  parameter  collisions, 
rather  than  close  collisions.  On  the  other  hand  the  SPB 
approximation2’^  was  designed  to  treat  the  Thomas  peak 
accurately,  i.e.  a  close  collision  phenomenon  at  high 
velocities.  Consequently  it  is  not  surprising  that  in 
the  very  high  velocity  limit,  where  the  Thomas  peak  is 
dominant,  the  eikonal  and  SPB  approximations  give  very 

c 

different  cross  sections  near  the  vicinity  of  the 
Thomas  peak. 

The  purpose  of  this  paper  is  to  compare  the  eikonal 
and  SPB  approximations  at  forward  scattering  angles, 
well  within  the  Thomas  peak.  It  has  been  noted  previ¬ 
ously6  that  in  this  forward  angle  limit  the  full  peaking 

"3  7 

approximation  ’  is  valid  even  for  symmetric  systems. 
This  means  that  there  is  a  simple  analytic  form  for  the 
ls-Is  SPB  differential  cross  section,  at  forward  angles 
namely  in  the  limit  as  v-~ 

il(9=0)SPB  =  '5  3l(6=0)BK  ^ 

where  BK  denotes  the  well  known  Brinkman-Kramers 
approximation. 

Similarly  there  is  a  simple  form  for  the 
Is-ls  eikonal  approximation  at  forward  angles, 
namely 

3^e=°)E=a^{e=0)BK 

where  . 

u  =  sTHHlTT  e 

X^T5  +  ^*iZT^r,2+4t2n4-' 

=  target  charge,  n=v_1 
v=ZT/v  P_=cn-*4V, 

This  holds  at  all  velocities.  As  v  goes  to  infinity,  -* 
goes  to  9/16. 

Thus  from  Eqns  (1)  and  (2),  at  very  high  velo¬ 
cities,  the  ratio,  R,  of  eikonal  to  SPB  differential 


cross  sections  at  zero  scattering  angle  is  1.27. 

Because  many  experiments  are  done  in  a  regime  where 
forward  angle  scattering  is  dominant,  it  is  useful  to 
compare  the  ratio  of  eikonal  to  SPB  cross  sections  at 
forward  angles  and  finite  energies.  This  is  shown  in 
the  figure  for  p+H  at  2-20  MeV. 


ENERGY(MeV) 

FIGURE  1  Ratio,  R,  of  eikonal  cross  sections  to  SPB 
cross  sections  at  forward  angles  versus  pro¬ 
jectile  energy  for  ls-Is  electron  capture  in 
p+H. 

We  conclude  that  the  forward  scattering  angles, 
corresponding  to  distant  collisions,  there  is  close 
agreement  between  eikonal  and  SPB  cross  sections  for 
high  velocity  electron  capture. 
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Of  late/  much  theoretical  attention  has 
beer.  paid  to  the  eikcnal  approximat ion  for  the 
study  ri  the  charge  transfer  processes.  Recent¬ 
ly  Levor.  has  pointed  cut  that  when  the  in- 
ternucl-or  potential  terr.  is  neglected  in  the 
elk's  '  -3 p r  ro>:i rrtior. /  ar  is  usually  done#  the 
boundary  core  it  lent  -re  r."  t  ratirfiei  a.r.c  the 
charge  transfer  sm.pl  itude  b-  coper  uncertain  by 
an  urv  fined  phase  factor.  Co  he  has  investiga¬ 
te'5  the  rcur.d  state  prot on-hycroc -.n  charge 
transfer  or  abler  in  the  cikoral  approximation 
including  the  internuclear  potential  term. 
However#  to  simplify  his  calculations/  he  ha? 
used  p-  a  king  approximation  which  is-  supposed  to 
be  valid  only  for  very  hirh  projectile  velocity, 
here  v.e  pr?oose  a  method  to  ca  lculate  the  exact 
eiV.onsl  amplitude  for  the  rearran  ement  colli¬ 
sion  rrcce?6/  taking  account  cf  the  full  inte¬ 
ract:  on  a:.d  without  retorting  to  any  peaking 
approxir tt ion.  //e  have  reduced  the  transition 
amplitude  to  a  simple  one  dimensional  inte  ml 
which  ii  to  be  evt.lu~.ted  numerically.  n£  a 

first  :  sliest  ion  of  our  proposed  technique/  vp 
h.ive  studied  tk~  charge  transfer  process  : 
p  -*•>.(  1  r )  — ^  r. ;  1  s)  +p  . 

Tha  charge  transfer  transition  amplitude 
in  the  post  form.  :  r  .  iven  by 


wh'-re  x  ana  r  *r*--  the  7  c:  !  r  ior-  vectors  of  the 
el~rt  ren  io)  v; :  ‘  r.  re?:,  srt  t-*  tlv  ::ijec  tile  («.) 
and  t;  *.  t  sr^tmr.  (£.)  r  *■  «■:  ocr.  i  y.  c  and 

-  r>rr  t*.  .  - - i  * : " vrtri  of  tj  •  ■:  :l~r.  ■  .•  t. 

'  g  #  o)  (A/c)  rr  •s'iv^ly.  j  -  the* 

i  r.:  "  !  r  S  '-  r  tl  r.  *  i-  *’:>'•  c'ur.e  rt  ,tf 

w  v  -ur.ctitr  -1  r  yur  '  i)  =  ]/v; 

v  r.---inn  the  grij-ct  i]-.  1  0 i t y • 

Ihr  -  irc  ct  i  -  r.  f  th/  i no i  eid  w- vs-  vector 
i m-.O'-cr.  as  the  7.  axis.  2'  «r.i:  a  ar*~  *  he 


cemronerts e  1  h?  v«- ct  o is  x  as..  !.  7':  ctively. 

’Jsir.c  th*  ir.\C' ral  r»~pr or**nt ?tion  (cf. 
ref . 2) 

(-l)r'j_. _ 

"  2i  sinTi  >p )  r(  1  8-n ) 


(.Mi'trn-le-\yc 


'd\ 


in  Sr. (1)/ the  space  integrations 
med  analytically.  The  result  cf  t 
t ion  can  be  obtained  by  suitable 
di  ffe  rent  la  t  ions  cf  the  mother  int. 
tV'e 

*  ^  OC 


can  be  perfor- 
:  i s  inte  ra¬ 
pe  rennet  ric 
agral  of  the 


Au2  +  2u  +  C 


(3) 


wharf?  A/  7:  and  c  are  linear  functions  of  and 

\0  and.  also  der.-anc  or.  the  incident  and  final 
£. 

romcrt.ur'  vectors  and  the  bound  state  parameters 
The  contour  integrations  ov»r  \j  and  \  ir.  (3) 
are  carried  out  analytically.  whe reby  v:e  are 
finally  left  with  a  one  diitens.ior.al  interral 
over  u  .  Thi «  .ref.  ee  ctr,  be  easily  extended  to 
calculate  the  cross  section  of  charge  transfer 
to  any  hither  excited  state. 

Our  proposed  tcchnioue  is  als  •  suitable  for 
calculation  of  elastic  and  excitation  cross 
sections  in  electron  atom  scattering  in  the 
frame  work  of  unrestricted  Glauber  a;prcxima- 
tior.»  including  the  electron  exchance  effect. 

Numerical  results  will  be  presented  at 
this  conference. 
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The  strong  potential  Born  (SPB)  approxima¬ 
tion  has  emerged  in  recent  years  as  a  fairly 
good  approximation  for  the  investigation  of 
electron  capture  problems  in  high  energy  asymm¬ 
etric  collisions.  In  this  approximation  the  we¬ 
aker  of  the  interactions  -  electron  target  nu¬ 
cleus  and  electron-projectile  nucleus  interac¬ 
tions  -  is  taken  to  first  order  and  the  stron¬ 
ger  interaction  is  kept  to  all  orders  via 
Coulomb  Green* s  function  whereas  the  nuclear- 
nuclear  Interaction  is  completely  neglected. 

Macek  and  Alston2  first  systematically  de¬ 
rived  the  SPB  amplitude  for  electron  capture 
from  the  ground  state  to  a  final  state  (hy- 
drogenic)  for  the  asymmetric  collision  where 
the  target  charge  Zj,  is  greater  than  the  pro¬ 
jectile  charge  Zp  as  (in  their  notation) 


tspb  =  »*(S)|p-k|  2(~7372NiT! hS) 

g  f  -.2  ■  ^  -1<  ft.l-lv)  2+K2  +2g.  (  J-lw)](p2+zg/n2)  \ 

9,1  L  4  (  li  +J2)  (v^+2v.  £)  J,., 


The  0-  4  integrations  in  Eg.  (4b)  can  be 
carried  out  in  terms  of  spherical  Bessel  func¬ 
tions! 


f(A.p) 


2t(i) 

~*r 


/y 


t  m 


r  =  0  (2/\iLp) 


r+1 


where 


L=- 1*“  and  ar{ 


r!  (f-r)  »2r 


(5) 


Substituting  the  results  for  f(/\»p)  from 
Eq.  (5)  in  Eq.  (4a)  we  can  perform  the  contour 
integration  with  the  help  of  Eq. (3).  The  inte¬ 
gral  I  can  now  be  expressed  in  terms  of  the 
type  integrals 

G  =}  pJ(p2+\2)“M“i>'(A+2Lp)N"1>’dp  (6) 

where"  J-  M  and  N  are  positive  integers. 

The  integral  G  has  been  evaluated  analytically. 

Whet.J=2k  (even  J) 
k 

G  =  5Z  (“1)S  kC  (\2)S\.  (2L)N-il,HlM-k+s.N)  (7) 
S=0  S  1 


Treating  the  term  responsible  for  the 

2 

Thomas  peak  exactly.  Sil  and  McGuire  expanded 
other  terms  in  Eq.  (1)  in  power  of  Zp /v  of  which 
terms  through  first  order  were  considered  and 
reduced  the  amplitude  into  a  linear  combination 
of  one  dimensional  integrals.  We  consider  the 
zeroth  order  term  in  this  expansion 


iv 


(2) 


TS°B  =  “f  K21*”*2jd|?  «*(?)(TS)' 

where  C.  hQ  .  v,  K"  .  T»  S  are  defined  in  Raf.  (21 
Using  the  general  expression  for  #f(j?)  and 
the  integral  representation  (cf.  Ref.  3) 

-<iO-n>  (-l)"*1  .( l  A.lO-n-l-Ax.. 

x  =21  sin(ihii>  (i“n)L(  A)  e  dA 

D  (3) 

the  ^-integral  in  Eq. (2)  can  be  reduced  to  the 

type  integral 


/  r\ 


I=|  PB(p2+A2)-M-i1' 


f. 


[- 


(-A)  2v”2e”*Af  (A  .p)  dnl 


sin(ivrt)  p(iv) 
'dp 


(4a) 


where 

f(A.p)  =Je2iAJ^P  Y{11)(pldA  (4b) 

A  «  (u-iv)  2+K2.  4£  =  i(J-inv),  R  and  M  are  posi¬ 
tive  integers. 


and  when  J  »  2k+l  (odd  J) 

G  =  2T(-1)S  )CCs(\2)s\2  ^■|(2L)[;+1_1>' 

H(M-k+S.N+l)  ]  (8) 

where  and  are  two  different  constants 
depending  on  N»  K»  \  and  iv  and 

in(2t  +l)/2  2T.+T  +1 

H(M.N)  =  e  (o-l)  1  i 


r<i/2>r(-2VT2-i>pi-vi/2> 

__ 

2  1  p(-t1-t2)p(-2t1-l) 


2^1 (-2t j-tj-l . 


■W 


z) 


(9) 


with 

t1=-M-iv.  t2=N~il''  a=A/2L\  and  Z=(a+i)/U-i) . 


Reference 

2  J.  Macek  and  S.  Alston.  F'-ys.  Rov.  A 26 .  2iC 
,  (1992). 

‘  N.C.Sil  and  J.H. McGuire.  J.  Math.  Fhyr.  (ir. 

press). 

2  I.  5.  Gradshteyn  and  I.M.  Ryzhik.  Tables  of 

Integrals,  series  and  products,  p.  9  33 .  i?  °.  3 10 
(2)  (Academic  Press.  New  York.  19rC) . 


CONVOY  ELECTRONS  FROM  100  KeV  H  ON  CARBON  FOILS  MEASUREO  IN  COINCIDENCE  WITH  EMERGING  PROTONS  AND  H  ATOMS 


P.  Focke,  W.  Meckbach  and  I.  Nemirovsky;  S.D.  8erry  and  I. A.  Sellin;  M.G.  Menendez  and  M.M.  Duncan 


Centro  Atomico  Bariloche  and  Institute  Balseiro,  S.C,  de  Bariloche,  Argentina 
+  University  of  Tennessee,  Knoxville,  TN  37996  and  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN  37831 

++  University  of  Georgia,  Athens,  GA  30602 


There  continues  to  be  a  great  deal  of  interest  in 
pinpointing  the  processes  responsible  for  the  production 
of  beam-foil  convoy  electrons.  Much  of  the  recent  work 
has  been  devoted  to  attributing  the  origin  of  these 

electrons  to  either  production  near  the  exit  surface  or 
12  3  4 

within  the  bulk  ’  ’  ’  . 

In  a  previous  experiment  performed  by  Laubert,  et 
al . using  carbon,  oxygen,  and  silicon  projectiles 
(12-30  MeV)  incident  on  carbon,  aluminum,  and  gold 
foils,  the  shape  of  the  convoy  spectrum  measured  in 
coincidence  with  each  emerging  charge  state  and  the 
yield  per  emergent  ion  were  found  to  be  substantially 
independent  of  the  ion  charge  state.  The  results  of 
this  experiment  argues  strongly  against  a  surface-layer 
origin  for  the  convoy  electrons,  at  least,  for  fast, 
heavy  ion  projectiles. 

Recently,  we  have  performed  a  version  of  the  above 
experiment  with  a  substantially  different  projectile  Z 
and  velocity.  Proton  beams  from  the  Centro  Atomico 
Bariloche  Kevatron  at  1 07  KeV  were  charge  neutralized 
in  a  low  pressure  gas  cell.  Electrostatic  plates  down¬ 
stream  removed  the  proton  component  of  the  beam.  The 

2 

incident  H  atom  beam  traversed  a  2-3  yg/cm  carbon  foil 
(equilibrium  thickness)  located  at  the  entrance  focus 
of  a  cylindrical  mirror  electrostatic  electron  energy 
analyzer  where  convoy  electrons  emitted  within  a  half¬ 
angle  of  2.6°  were  collected.  The  protons  and  hydrogen 
atoms  emergent  from  the  foil  passed  through  another 
electric  field  which  served  to  deflect  the  protons.  A 
movable  ceramic  channel  electron  multiplier  was  placed 
so  as  to  selectively  collect  each  charge  state. 

Some  preliminary  results  of  this  experiment  were: 

(1)  unlike  Ref.  15),  the  coincidence  yield  exhibited  a 
strong  dependence  on  the  charge  state  of  the  emergent 
particle;  (2)  the  coincidence  yield  per  emergent  H  atom 
was  found  to  be  non-zero  -  this  is  qualitatively  consis¬ 
tent  with  H  atoms  arising  from  the  subsequent  neutral¬ 
ization  of  protons  associated  with  a  convoy  electron 
production  event  toward  the  end  of  the  projectile's 
path  through  the  foil. 

These  measurements  at  100  KeV/amu  are  being 
repeated  and  extended  to  higher  energies  at  The  Univer¬ 
sity  of  Georgia. 
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CHARGE  CHANGING  PROCESSES  IN  HIGHLY  CHARGED  (vtv0)  ION-ATOM  COLLISIONS  STUDIED  BY  (/"-ELECTRON  SPECTROSCOPY 
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In  collisions  between  highly  charged  ions  of  medium 
and  high  velocity  (V)  and  atoms  both  single  electron  pro¬ 
cesses  (Electron  Capture  to  the  Continuum)  and  multiple 
electron  processes  (Transfer  Ionization,  and  in  some  ca¬ 
ses  Transfer  Excitation  and  Double  Excitation)  lead  to 
creation  of  free  electrons  that  are  slow  in  the  project¬ 
ile  frame.  Essential  features  of  these  processes  can 
therefore  conveniently  be  studied  by  oP-electron  spec¬ 
troscopy  which  is  especially  sensitive  to  such  electrons 
(1).  In  order  to  establish  in  which  reaction  channel  the 
electron  was  created  it  is  often  necessary  to  measure 
emitted  electrons  in  coincidence  with  the  outgoing  ionic 
charge  state. 


The  ECC  mechanism  leads  to  a  cusp  at  V  *  V.  Taking 
into  account  the  spectrometer  transmission  function  such 
spectra  can  be  fitted  to  a  multipole  expansion  of  the 
double  differential  cross  section  for  electron  scatter¬ 
ing  in  the  projectile  rest  frame  where  the  leading  terms 


i  d?°  i 

(aridr 


.  =  B 
pro]  o 


=  «(0)  (1  +  (B  <1°)  /B^0) 


)COsd'  +  .  .  .  ) 


(1) 


and  O'  is  the  projectile  frame  scattering  angle.  The 
basic  information  about  the  ECC  process  lies  in  the  two 
coefficients  of  eq.(l).  In  our  experimental  investigation 
we  used  a  He  target  and  1  -  3  MeV  H+,  1-10  MeV  He2  +  , 
12-40  MeV  O0  +  ,  and  20  -  72  MeV  Auu+  projectiles  to  de¬ 
termine  the  ion  velocity  and  charge  dependency  of  the  two 
coefficients. 


We  have  performed  a  similar  cusp-shape  analysis  to 
investigate  the  TI  process  in  the  collision  system  20  MeV 
Au^* + He  as  it  was  found  that  in  this  case  TI  results  in 
one  projectile  bound-state  electron  and  one  low-energy 
projectile  continuum  electron.  Thus  TI  results  in  a  cusp 
of  electrons  in  the  q-»-q-l  coincidence  channel.  From  the 
cusp-shape  analysis,  it  was  shown  that  for  q'ulS,  most 
likely  two  electrons  are  transferred  to  the  projectile, 
one  of  which  is  subsequentlv  lost  to  the  continuum.  By 
considering  total  TI  cross  sections,  it  was  found  (2) 
that  the  independent-particle  approximation  is  invalid 
for  this  process,  and  we  suggest  that  the  electron  loss 
is  caused  by  the  creation  and  decay  of  a  highly  excited, 
highly  correlated  two-electron  state.  Thus,  despite  the 
high  ionic  charge,  electron-electron  correlation  is  be¬ 
lieved  to  play  a  significant  role  in  this  process. 

The  TE  process  may  lead  to  emission  of  projectile 
frame  slow  electrons  of  discrete  energy.  We  have  studied 
the  cross  section  for  such  emission  for  the  collision 


systems  C2  +  ,  0>*+,  F5+(ls2  2s2  )  on  Ar  and  20  MeV  Au^+  on  He 
at  medium  projectile  velocity.  At  high  projectile  veloci¬ 
ty  double  projectile  excitation  (DE)  takes  over  as  the 
dominating  process  leading  to  such  emission. 


Figure  1  ECC  and  TI  electron  spectra  for  20  MeV  Au 
(q  =  1 1 , 1 5)  on  He. 
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The  threshold  behavior  of  the  cross  section  for 
break-up  of  a  three-body  Coulomb  interacting  system 
has  become  of  considerable  interest  in  recent  years 
[i].  Previous  experiments  involving  these  threshold 
laws  have  been  carried  out  with  either  electron  [2] 
or  photon  impact  i. 3 J  to  produce  doubly  excited  states 

in  the  threshold  continuum.  They  show  agreement  with 

the  pioneering  classical  analysis  by  Wannier  [4]  predicting 
a  threshold  law 

0  cc  zp  ( i ) 

E*0 

where  the  Wannier  exponent  is  given  by 

1  100Z-9  S 

m  «  -  [  (  -  )  -  1].  (2) 

4  4Z-1 

This  exponent  has  later  been  confirmed  by  a  quantum 

mechanical  analysis  using  three- body  Coulomb  wave  functions 
near  threshold  [53.  Extrapolating  the  Wannier  continuum 
functions  across  the  ionization  limit  Feagin  and  Macek 
[6]  have  calculated  the  positions  and  width  of  a  Rydberg 
series  of  doubly  excited  resonances. 

Our  experiment  tests  the  Wannier  threshold  law 
Tor  a  closely  related  but  not  previously  explored  process 
in  which  a  doubly  excited  state  is  produced  with  the 
one  electron  in  the  low-energy  continuum  while  simultan¬ 
eously  another  electron  is  excited  to  a  high  Rydberg 
state  close  to  one-electron  ionization  threshold. 
Since  the  total  energy  of  this  doubly  excited  state 
is  close  to  the  three- body  break-up  threshold  energy, 
the  Wannier  threshold  law  should  be  reflected  in  the 
n  distribution  of  the  Rydberg  electron  and  the  velocity 
distribution  of  the  continuum  electron. 

Fast  0<T  ions  traversing  solid  targets  may  exit 
in  highly  excited  states  or  may  be  accompanied  by  convoy 
electrons  moving  with  velocity,  ve  approximately  equal 
to  ion  velocity  v.  Those  convoy  electrons  lie  in  the 
low-energy  continuum  in  the  rest  frame  of  the  projec¬ 
tile.  We  measure  triple  coincidences  of  a  convoy  electron, 
a  Rydberg  election,  and  the  charge  state  of  the  outgoing 
projectile. 

The  experimental  setup  consists  of  a  30°  analyzer, 
with  its  focus  at  the  foil,  to  detect  the  convoy  electrons, 
an  inhomogeneous-field  stripper  followed  by  a  spherical 
sector  analyzer  to  detect  the  Rydberg  electrons  and 


finally  an  electrostatic  charge  state  analyzer.  The 
dimensions  of  the  30°-analyzer  have  been  chosen  to 
minimize  the  field  strength  and  consequently  to  maximize 
the  transmission  of  Rydberg  electrons.  The  inhomogeneous- 
field  stripper  consists  of  two  concentric  spheres. 
The  ion  beam  passes  through  it  in  a  radial  direction. 
3ecause  different  n-states  are  ionized  at  different 
positions  inside  the  stripper,  an  interval  of  approximately 
10  to  20  n-levels  is  detected  with  one  applied  voltage. 
Since  the  gain  in  kinetic  energy  depends  on  the  position 
of  ionization  of  the  Rydberg  electron  [7],  the  n-distri- 
bution  within  such  an  interval  can  be  measured  with 
high  resolution.  By  varying  the  voltage  we  scan  over* 
the  Rydberg  distribution. 

Experimental  data  will  be  presented  for  the  energy 
partition  between  convoy  and  Rydberg  electrons  and 
the  Z  dependence  of  the  Wannier  exponent. 

Work  supported  in  part  by  the  National  Science 
Foundation;  and  by  the  U.S.  Department  of  Energy,  under 
contract  DE-AC05-840R21 400  with  Martin  Marietta  Energy 
Systems,  Inc. 
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a)  b)  c)  d)  e)  f) 


Fig.  1.  A  schematic  diagram  of  the  experimental  setup: 
a)  foil,  b)  30°analyzer,  c)  Inhomogeneous-field  stripper, 
d)  spherical  sector  analyzer,  e)  charge  state  analyzer, 
f)  Faraday  cup 


STATISTICAL  MULTIPLES  FOR  CUSP  ELECTRONS  AND  RYORERG  ELECTRONS 


Joachim  BurgdVSrfer 

University  of  Tennessee,  Knoxville,  TN  37996  and  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN  37831 


Cross  sections  for  electron  emission  in  inelastic 
ion-atom  collisions  show  a  strong  enhancement  at  electron 
velocities  ve  approximately  equal  to  the  projectile  velo¬ 
city  vp.  This  gives  rise  to  a  cusp  in  the  experimentally 
observed  doubly-differential  cross  section  (DOCS)  do/dv 
where  v  =  ve  -  vp  denotes  the  electron  velocity  in  the 
rest  frame  of  the  projectile.  Two  different  processes 
contribute  to  the  cusp:  target  ionization  (i.e.,  electron 
capture  to  continuum  (ECC))  and  projectile  ionization 
(i.e.,  electron  loss  to  continuum  (ELC)).  In  both  cases, 
the  final  electronic  state  lies  in  the  low-energy  con¬ 
tinuum  (v»0)  of  the  projectile. 

Recent  experiments1  ■  2  display  a  larqe  variety  of 
anisotropies  and  asymmetries  described  by  nonvanishing 
anisotropy  coefficients  6k  in  the  multipole  expansion  of 
its  DDCS 

T  =  7  jL  Pk  (cos  0)  .  (1) 

dv 

High-order  multipoles  (k>2)  in  the  electron  distribution 
provide  detailed  information  on  the  excitation  function 
not  easily  accessible  by  other  means  (e.g.,  dipole 
radiation).  The  presence  of  high-order  multipoles  in  the 
near-zero  velocity  continuum  is  linked  to  Wigner's 
threshold  law  for  an  attractive  Coulomb  field^  predicting 
that  all  partial -waves  are  present  at  threshold.  Cusp 
anisotropies  can  therefore  traced  to  coherences  between 
different  partial  waves. 

We  have  developed  a  unified  description  of  cusp 
anisotropies  in  terms  of  statistical  multipoles  <'^>, 

8.  =  (Pk+ll1  ^  .  (?) 

<lg> 

k 

The  spherical  multipoles  l()  are  huilt  up  by  the  two 
generators  of  the  dynamical  Of  4)  symmetry  group  of  the 
Coulomb  field,  the  angular  momentum  L  and  the  Runge-Lenz 
vector  A.  The  statistical  multipoles  <!$>  contain  the 
orientation  and  alignment  parameters  introduced  by  Eano 

4 

and  Macek  for  bound-state  excitation  as  a  subset.  They 
yield  a  systematic  expansion  of  various  cusp  anisotropies 
in  terms  of  partial -wave  coherences  in  the  threshold  con¬ 
tinuum. 

The  present  approach  permits  a  unified  description  of 
anisotropic  electronic  distribution  in  high  Rydberg  sta¬ 
tes  and  low-lying  continuum  states.  The  same  set  of 
multipoles  <Uq">  determines  the  multipolarity  of  the 
bound-state  electronic  distribution  in  high  Rydberg  sta¬ 
tes  and  the  multipolarity  of  the  emitted  low-energy 


electrons.  Using  the  continuity  of  across  the  ioni¬ 

zation  limit  the  multipole  moments  of  Rydberg  electrons 
may  he  deduced  when  anisotropies  of  cusp  electrons  are 
known,  and  vice  versa. 

As  an  application  of  this  approach  we  present  a 
simultaneous  theoretical  determination  of  bound-state  and 
continuum  state  multipoles  for  direct  excitation  (Fig.  1) 
and  charge  transfer  in  the  Born  and  the  Continuum 
Distorted  Wave  approximat ions ,  respectively.  Comparison 
will  be  made  with  recent  experimental  data2>5  for  ELC 
(0  S+  +  He  -  D  6+  +  He  t  t)  and  the  ECC  (C6+  +  H  *■  C6  + 

+  e  +  H+).  The  dipole  moment  of  a  high  Rydberg  orbit 
formed  by  charge  transfer  will  be  determined  for  the 
first  time. 
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the  II. S.  Department  of  Energy,  under  contract 
DE-AC05-840R21400  with  Martin  Marietta  Energy  Systems, 
Inc.,  and  the  Deutsche  Forschungsgemeinschaft 
(Sonderforschungsbereich  161). 

References 

1.  W.  Meckbacb,  R.  Vidal,  P.  Focke,  1.  R.  Nemirovski, 
and  C.  E.  Ronzales-Lepera,  Phys.  Rev.  Lett.  S?,  621 
(1QR4).  — 

?.  S.  8.  Elston,  S.  D.  Berry,  M.  Rreinig,  R.  DeSerio,  C. 
E.  Gonzales  Lepera,  I.  A.  Sellin,  K.  0.  Groeneveld, 
n.  Hofmann,  P.  Koschar,  I.  R.  Nemirovski,  and  L.  I. 
Liljeby  in  Lecture  Notes  in  Physics  713 
(Springer-Verlag,  Berlin,  19R4),  p.  75. 

3.  E.  p.  Wigner,  Phys.  Rev.  73,  1002  (1048). 

4.  II,  Fano  and  J.  Macek,  Rev.  Mod.  Phys.  A3,  553  (1973). 

5.  S.  D.  Berry,  R.  A.  Glass,  I.  A.  Sellin,  K.  0. 
Groeneveld,  0.  Hofmann,  L.  H.  Andersen,  M.  Breinig,  S. 
R.  Elston,  P.  Engar,  and  M.  Schauer,  Phys.  Rev.  A 
(1985)  in  press. 


Figure  1:  Electron  distribution  for  ELC  H(2s)  +  He*  H+  ♦ 
He  *  e  at  Vp  =  10  a.u. 


THE  V=V  PEAK  IN  H°+H20  COLLISIONS* 

M.E.  Rudd  and  M.A.  Bolorizadeh,+  University  of  Nebraska,  Lincoln,  NE  68588-0111 


Charge  transfer  to  the  continuum^  (CTC)  is  known 

to  produce  a  peak  in  the  spectrum  of  electrons  ejected 

in  ion-atom  collisions  at  a  velocity  v=v  where  v  is 

P  P 

the  projectile  velocity.  A  similar  peak  appears  in 
collisions  in  which  the  incident  ion  carries  one  or  more 
electrons.  This  peak,  first  noted  by  Wilson  and 
2 

Toburen,  arises  from  electrons,  detached  from  the  pro¬ 
jectile,  making  elastic  collisions  with  the  target. 

The  peak  due  to  this  mechanism  (called  electron  loss  to 
the  continuum  or  ELC)  is  not  as  sharply  peaked  in  the 
forward  direction  as  the  CTC  peak,  but  as  for  elastic 
electron  scattering,  it  falls  off  with  increasing  angle. 
ELC  peaks  have  also  been  seen  in  H°-He  collisions^  and 
in  H'-Ar  col  1 isions. * 

Our  recent  measurements  of  doubly  differential 
cross  sections  for  ejection  of  electrons  from  water 
vapor  by  H+  and  H°  from  20-150  keV  yield  additional 
information  about  the  v=vp  peak.  Fig.  1  shows  the 
peaks  in  plots  of  the  ratio  of  cross  sections  of  H°  to 
H+.  For  small  angles  the  size  of  the  peak  decreases 
with  increasing  angle,  but  the  peak  becomes  unexpectedly 
large  again  at  large  angles.  Fig.  2  shows  the  peak 
height  vs  angle.  Also  shown  is  the  absolute  height  to 
indicate  that  the  rise  of  the  v=vp  cross  section  in  the 
backward  direction  is  real  and  not  just  relative  to  the 
proton  cross  section. 


Fig.  1:  Ratio  of  cross  sections  for  ejection  of 
electrons  by  H°  to  those  for  H+.  The  curves  have 
been  displaced  in  the  vertical  direction  by  arbi¬ 
trary  amounts  for  clarity.  Beam  energy,  150  keV. 


Fig,  2:  Lower  curve;  height  of  the  peak  in  the  ratio 
of  H°  to  H+  cross  sections  vs  angle.  Upper  curve; 
height  of  the  peak  in  the  curve  of  v?  [o(H°)-o(H+)]. 
For  this  curve  the  units  on  the  ordinate  are 
10~“  m2/sr. 

The  rise  in  the  backward  direction  can  be  partially 
explained  as  follows.  In  the  reference  frame  of  the  H° 
projectile,  the  target  molecule  has  a  velocity  vp  in  the 
backward  direction.  During  a  binary  collision  it  ejects 
an  electron  from  the  H°  at  an  angle  e1  with  a  velocity 

2vp  cos  9’.  See  Fig.  3.  Translating  to  the  laboratory 
frame,  we  add  the  vector  vp  in  the  forward  direction. 

The  resultant  can  easily  be  shown  to  be  a  velocity  vp  at 
an  angle  9  where  8>90°.  So,  while  the  forward  v=vp 
peak  is  due  to  ELC,  the  backward  peak  can  be  interpreted 
as  due  in  part  to  the  binary  encounter  peak  from  the 
projectile  translated  to  the  laboratory  reference  frame. 


Fig.  3:  Velocity  vector  diagram 

We  wish  to  thank  J.  Macek  for  helpful  discussions. 

*This  paper  is  based  on  work  performed  under  National 
Science  Foundation  Grants  No.  PHY82-25500  and 
PHY-8401 328 . 
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ON  THE  PRODUCTION  OF  CONVOY-ELECTRONS  IN  ION-FOIL  INTERACTION 
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In  a  recent  Letter  it  has  been  predicted 
that  the  yield  of  convoy  electrons  obtained  in 
fast  ion-solid  interaction  should  exhibit  a  de¬ 
pendence  on  the  charge  state  of  the  incident 

ions,  in  marked  contradiction  to  other  assump- 

2  3 

tions  '  .  So  far,  pronounced  target-thickness 
dependent  yields  have  been  observed  especially 
for  molecular  ions  (H^)  traversing  carbon 
foils41 . 

The  Munich  Tandem  van-de-Graaf f  accelera¬ 
tor  was  used  to  pass  125-MeV  sulfur  ions  with 
initial  charge  states  10*  to  16*  through  carbon 
foils  with  thicknesses  between  2-  and  200  iig/cmJ  . 
A  magnetic  spectrometer  served  to  measure  con¬ 
voy  electrons  ejected  into  the  forward  direc¬ 
tion  (0+0.3°).  Fig.1  displays  an  electron  spec¬ 
trum  and  shows  both  the  cusp  shaped  convoy-elec¬ 
tron  peak  and  the  binary-encounter  peak  which 
reflects  the  doppler-broadened  Compton  profile 
of  the  target  electrons. 

Fig. 2  gives  the  yield  of  convoy  electrons 
for  various  target  thicknesses  and  incident 
charge  states.  Below  -"50  iig/cmJ  the  yield  is 
found  to  depend  strongly  on  the  target  thick¬ 
ness,  whereas  above  ~100  ug/cm!  all  measured 
yields  agree  within  less  than  10*.  It  becomes 
obvious  that  the  yield  increases  with  the  num¬ 
ber  of  projectile  electrons  brought  into  the 
collisions  in  the  target,  and  equilibrates  in 
accordance  with  the  distribution  of  ionic  charge- 
and  excitation  states'.  We  conclude  as  follows: 


Fig. 1 :  Yield  of  electrons  observed  in  forward 
direction,  for  125-MeV  sulfur  ions  in4.5ug/cm1 
carbon,  as  a  function  of  electron  velocity. 


Target  Thickness  l/ug/cm?] - *- 

Fiq.2:  Yield  of  convoy  electrons  as  a  function 
of  carbon  tarqet  thickness;  parameter  is  the 
charge  of  the  incident  125-MeV  sulfur  ions. 

-*  the  major  part  of  convoy  electrons  arises 
due  to  loss  of  projectile  electrons  to  the 
continuum  (ELC-process) ; 

-»  the  form  of  the  target-thickness  dependence 
of  the  convoy  electron  yield  reflects  the 
evolution  of  charge-  and  excitation  states 
of  the  projectile  inside  the  solid. 

As  regards  the  latter  point,  we  like  to 
emphasize  that  the  mean  free  path  of  convoy 
electrons  can  not  be  directly  extracted  from 
the  type  of  data  shown  in  Fiq.2;  such  attempts 
must  be  viewed  with  suspicion5.  At  present,  we 
tiy  to  exploit  our  data  to  obtain  realistic 
mean  free  paths  taking  into  account  charge  ex¬ 
change  of  the  ions  and  multiple  scattering  of 
the  electrons. 

This  work  was  supported  by  the  Bundesministe- 
rium  fur  Forschunq  und  Technologic. 
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DEPENDENCE  OF  THE  ECC  "CUSP"  YIELD  ON  THE  PROJECTILE  Z 
FROM  THE  STUDY  OF  THE  SIMPLEST  COLLISION  SYSTEMS 

D.  Berenyi*,  A.  Kover*,  Gy.  Szabo*,  L.  Gulyas*,  K.O.  Groeneveld*, 

D.  Hoffmann*  and  M.  Burkhard* 

Institute  of  Nuclear  Research  of  the  Hung.  Acad.  Set,  Debrecen,  Hungary 
Institute  for  Nuclear  Physics  of  J.W.  Goethe  Univ.  Frankfurt/M.  Germany 


As  is  well-known,  in  the  electron  spectrum  from 
ion-atom  collisions  a  cusp-shaped  peak  is  observed  in 
the  forward  direction  centered  near  the  velocity  of  the 
projectile.  The  dependence  of  the  cusp  yield  on  the  Z 
of  the  projectile  has  been  studied  only  in  the  case  of 
maw  inns  1  3  .  However,  no  experimental  data  have  been 
published  on  this  dependence  for  the  simplest  collision 
systems. 

In  the  present  study  the  cusp  was  studied  in 
H*-  He  and  He**-  He  collisions  at  0.4,  0.5  ana  0.6 
MeV/amu  impact  energies. 

The  measurements  were  earned  out  at  the  2.4  MV 
Van  de  Graaff  accelerator  of  the  Institute  for  Nuclear 
Physics  of  the  J.W.  Goethe  University,  Frankfurt/M.  by 

using  a  special  double  pass  cylindrical  mirror  electron 

2/ 

spectrometer  /ESA-13/  constructed  in  ATOMKI,  Debrecen  . 
Here  the  angular  acceptance  of  the  measured  electrons  is 
determined  at  the  exit  of  the  spectrometer. 

The  evaluation  of  the  spectra  from  the  point  of 
view  of  Z  dependence  was  earned  out  in  two  different 
ways.  First  the  cusp  intensities  were  determined  by 
substraction  of  the  continuous  "background"  in  the 
spectra,  and  on  the  basis  of  these  values,  the  exponent 
of  Z  was  calculated.  On  the  other  hand  the  basis  for  the 
determination  of  Z  dependence  was  the  cusp  intensity 
between  the  velocity  limits  /1-a/  and  /1+a/,  where 
a  =  *  0.04  around  the  top  of  the  cusp.  Both  methods  gave 
2.5  *  0.3  for  the  exponent  in  the  present  study  /the 
corresponding  value  obtained  at  heavy  ions  is  equal  to 
2.3  -  0.3/. 3/ 

If  we  insert  our  cusp  intensity  values  for  He** 
projectile  into  the  diagram  of  Sellin  et  al /after 
normalization  at  H*/,  it  fits  well  on  straight  line  as 
can  he  seen  in  Fig.  1  /the  geometrical  conditions  and 
the  energy  resolution  are  nearly  the  same  in  the  two 
cases/,  although  the  present  datum  was  determined  in  the 
0.4  -  0.6  MeV/amu  impact  energy  interval  and  that  of 
Sellin  et  al.  was  observed  at  2.5  MeV/amu  m  case  of 
Fig.  1. 

It  can  be  stated  that  the  /  dependence  of  the  cusp 
yield  at  hare  projectiles  seems  to  he  the  same  in  a 
broad  impact  energy  region  both  for  light  and  heavier 
incident,  ions. 


Cusp  intensity 
for  bare  ion 
impact 


2.3  -  0.3 


projectile  Z 

Fig.l.  The  present  yield  value  for  He**  projectile 
/normalized  by  the  help  of  our  datum  for  H  / 
fits  well  to  Breinig  et  al.3^  data  in  the  Z 

dependence  diagram  obtained  at  heavier  incident 

/r6*  n(J+  C' 14* / 
ions  /C  ,0  ,  Si  /. 


References 

1/  C.R.  Vane,  I. A.  Sellin,  M.  Suter,  G.  Alton,  S.B. 
Elston,  P.M.  Griffin  and  R.S.  Thoe,  Phys.  Rev.  Lett. 

40  /197B/  1020. 

2/  0.  Berenyi,  L.  Gulyas,  A.  Kover,  E.  Szmola,  Gy.  Szabo, 
M.  Burkhard  and  K.O.  Groeneveld,  Proc.  Aarhus  Conf., 
Lecture  Notes  in  Phys.  213.  Springer  Vlg. ,  1984.  p. 71 . 
3/  M.  Breinig,  S.B.  Elston,  S.  Huldt,  L.  Kiljeby,  C.R. 
Vane,  S.l).  Berry,  G.A.  Glass,  M.  Schauer,  I. A.  Sellin, 
G.D.  Alton,  S.  Datz,  S.  Overbury,  R.  Laubert  and  M. 
Suter,  Phys.  Rev.  A25  /1982/  3015. 


7*7 


RADI  ATI  VC  electro:*  CAPTMRf  in  proton-hydrogen  collision 
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The  IS- IS  proton-hydrogen  radiative  electron  capture 
has  been  studied  within  the  nonrelat ivist ic  semiclas- 
sical  approximation.  In  this  approach  the  radiation- 
matter  matrix  element  is  calculated  in  first  pertur¬ 
bative  order*,  with  the  use  of  distorted  wave  functions 
currently  used  in  mechanical  collision  theory. 

Several  three-part ic Je  theoretical  methods  such  as: 

2 

the  continuum  distorted  wave  (COW),  first  Born,  and 
the  exact  and  peaking  impulse  approximations  (  EIA 
and  P I  A)  have  been  applied. 

The  COW  is  found  to  present  a  projectil  angular  dis¬ 
tribution  with  two  critical  angles,  i.e.  two  enhance¬ 
ments.  These  critical  angles  depend  on  the  emitted 
photon  energy.  The  positions  of  these  peaks  occur  at 
project i le  angle 
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where  Oik.  is  the  critical  angle  of  Thomas^  which 
occurs  in  the  mechanical  electron  capture,  cO  'S  the 
photon  energy  and  \T  is  the  projectile  velocity.  At 
0“  the  differential  cross  section  presents  delta- 
type  behaviours.  These  critical  angles  can  be  physi¬ 
cally  explained  in  terms  of  a  mechanial  collision  with 
the  projectile  (or  the  target)  followed  (or  preceded) 
by  an  interaction  with  the  radiation  field.  Note  when 

U)  =  0  ,  O’-  coincide  with  the  Thomas'  one.  Unlike  the 
4 

mechanical  electron  capture  ,  we  found  that  the  contri¬ 
bution  of  these  critical  angles  to  the  total  cross 
section  can  be  neglected. 

We  found  that  the  exact  impulse  approximation  presents 
no  critical  angle . 

We  have  also  calculated  total  cross  sections,  and  found 
that  all  the  distorted  wave  methods  considereo  tend  to 
the  first  order  Born  approximation  as  the  projectile 
velocity  increases,  in  contrast  with  the  strong  poten¬ 
tial  Born  theory'*  (see  the  figure).  Furthermore,  the 
three-particle  Born  approximation  tends,  as  far  as  the 
total  cross  section  is  concerned,  to  the  binary 
electron-projectile  radiative  recombination,  as  provet 
in  reference  1. 
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X-RAY  DIFFERENTIAL  CROSS  SECTION  FOR  RADIATIVE  ELECTRON  CAPTURE 
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X-ray  cross  sections  for  high  energy  Ar  and 

10+ 

Ne  ions  passing  through  neutral  He  and  Ne  targets 
have  been  measured  by  Kienle  et  al^.  The  structures 
and  enhacements  in  the  experimental  photon  spectrum 
produced  in  radiative  electron  capture  (REC)  are  not 
fully  explained  by  the  K-K  capture  considered  up  to 
now.  Here  we  obtain  a  detailed  description  of  it,  in 
terms  of  electronic  transitions  from  K  or  higher  target 
shells  to  projectile  shells.  We  applied  the  usual 
theoretical  treatment2.  Using  first  order  Born  wave 
functions,  the  five-fold  differential  cross  section 
reads  : 


I 

da r 

jwdJiJn' 


Here  $  and  $  are  the  Fourier  transformations  of  the 
*  *  *+ 
initial  and  final  states;  W  and  W  depend  on  the 

i  ^  *•  » 

initial  and  final  momenta;  W  -K  -uK  ,  W -K  -y  K  and 

TfTi  Pipf 

are  the  polarization  vectors.  The  electronic 

initial  and  final  states  are  described  by  Clementi- 
Roetti  and  hydrogenic  wave  functions  respectively. 

The  X-ray  spectrum  associate  with  the  i-f  REC 
transition  has  an  enhancement  with  a  shape  determined 
by  the  momentum  distribution  of  the  initial  state 
^(Wj).  The  position  of  the  peak  occurs  when  W^,  is 
minimum  and  is  located  near  u>0  •  v2/2  +  e^_e^,  since 

the  projectile  is  mainly  scattered  in  forward 
direction. 

Our  theoretical  results  for  the  photon  emission 

cross  section  at  90  degrees  relative  to  the  incident 

beam  are  compared  in  figs.  I  and  2  with  the 

corresponding  experimental  data  for  two  different 

processes.  In  figure  1,  the  results  for  the  reaction; 
20..  10+  ,  .  20  9+  + 

Ne  +  He(ls)  Ne  (n^l^m^)  +  He  (Is) 

are  displayed  for  140  Mev  incident  energy.  The  K-*K 
(ls-ls),  K  — *  L( ls-2s , ls-2pQ  transitions  are 

included.  In  fig.  2  we  show  results  for: 

2°Nel0+  +Ne(ni  1^  )  _*2°Ne9+(nf  lf  mf  )  +  Ne+ 
at  140  Mev.  The  K-*K,L,M  and  L-*K,L,M  transitions 
are  considered-  In  both  fi  gures  the  solid  curve 
represents  the  sum  of  all  contributions  to  the  cross 


2  *•  6 

X  - i-  A  :  LJ«L.L  G  V  (  r  e v  ) 


Fig .1 :  Differential  cross  section  for  x-rays  emitted 
at  90  degrees  from  the  Incident  beam.  Ne  on  He  at  140 

Mev  incident  energy.  - present  theoretical 

results. - ;  previous  theoretical  results^.  •; 


experimental  results. 


2  -  6  6 

/.  -  K  i.  V  (rev) 

Fig.  2:  As  in  fig.  1  for  the  process  Ne  on  Ne  at  140 
Mev  incident  energy. 

We  conclude  that  the  enhacement6  in  the  photon 
spectrum  associate  with  REC  processes,  and  not 
explained  before,  are  due  to  the  capture  into  excited 
projectile  states  or  to  the  capture  of  electrons  coming 
from  higher  target  shells. 
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RELATIVISTIC  TREATMQfT  OF  RADIATIVE  ELECTRON  CAPTURE 


K.HINO,  I.SHIMAMURA  ,  and  T.WATANABE 
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It  has  been  clarified  that  the  process  of  radiative 
electron  capture  (REC)  cannot  be  treated  by  the  non- 
relativistic  quantum  mechanical  theory.  The  first  reason 
is  that  non-relativistic  formula  for  REC  process  except 
in  the  c.m.  frame  leads  always  to  the  so-called 
"spurious  radiation”*1*.  Secondly,  if  the  interaction  of 
radiation  field  with  the  three  charged  particles;  i.e. 
projectile  nucleus  (charge  Za  and  mass  ma), target 
nucleus  (Zb  and  mb),  and  a  bound  electron  (Zc  and  mc), 
are  considered  in  the  c.m.  frame  by  non-relativistic 
quantum  mechanical  method,  another  radiation  term  comes 
out.  This  term  depends  on  the  masses  of  projectile  and 
target  nuclei,  that  is,  the  nuclear  contributions  to  the 
photon  emission  cross  section  become  comparable  to  the 
electron  contribution.  The  transition  matrix,  Tfi,  of 
the  1st.-  order  Born  approximation  for  REC  process  is 
written  in  natural  units  (H=c=1)  by 

Tfi=-(ir/2<a)1/2(e.iiv)[Za/ma-(ZbtZc)/(mb»mc)  l^tp*) 

-C^f(-V)  ,  (D 
where  /u  ^matmb+mc)/(ma-Hnb+mc),  e  is  the  polarization 
vector,  v  the  incident  velocity,  and  the  others  have 
usual  meanings.  However,  such  projectile  mass  dependence 
(isotope  effect)  was  not  observed  in  the  recent 
experiment  of  Ne^*  on  2  He  target  and  on  4He  target. 

In  addition,  recent  experimental  measurements  in 
relativistic  impact  velocity  region  shows  that  the 
differential  cross  section  for  REC  is  proportional  to 
squared  sine  of  scattering  angle  in  the  laboratory 
frame.  On  the  other  hand,  that  in  the  c.m.  frame  is 
proportional  to  squared  sine  of  scattering  angle  in  the 
c.m.  coordinate. 

In  this  article  we  will  present  the  formulation  of 
RBC  process  from  the  viewpoint  of  relativistic  quantum 
field  theory;  particular  attention  will  be  paid  for  the 
elimination  of  nuclear  mass  dependence  term  from  the 
transition  matrix  element.  However,  all  features  of 
cross  section  for  REC  will  be  able  to  be  successfully 
explained  by  introducing  this  covariant  formulation. 

Here,  all  of  the  particles  are  considered  as  half¬ 
spin  fermions.  The  grand  assumption  is  set  up  as 
follows.  Non-relativistic  Weinberg  equation  would  be 
extended  directly  to  the  relativistic  formula  except  for 
two-body  interaction  term.  Weinberg-like  relativistic 
equation  can  be  symbolically  written  as 


Kabc=(1-Fabc>'1sV,aGbc  '  *2) 

where  S'f.|a,  Gj^,  and  Kafac  stand  for  a  one-body,  a  two- 
body,  and  a  three-body  propagators,  respectively,  and 
Fabc  represents  the  relativistic  Weinberg  kernel.  A 
three-body  REC  propagator,  is  easily  introduced, 

by  using  Schwinger's  method  of  functional  derivative 
about  the  external  c-number  source,  JA  ,*2)  as 

KabC(^=<0lUt0>'1-  in<0IUI0>Kabcl/l'JM  ,  (3) 

where  <0|UI0>  means  a  scattering  matrix  bracketted  by 
vaccuum  states.  The  terms,  M,  corresponding  to  those  in 
the  square  bracket  of  eq.(1)  are  expressed  as 
M=Za(rae)Db(K,)Dc(P-K’)*ZbDa(K)('rbe) 

Dc(P,-K)  +  ZcDa(K)Db(K*)(fce)  .  (4) 


1  .  /  I  I 

V  iDc(P-K,)j{Db(K')j  fDa(K)l|Dc(p,-K))  t 


Fig.1  Feynman  diagrams  of  the  1st. -order  REC  S-matrix 
K:incident  vector  of  a,  K'irecoil  vector  of  b,  P  and 
P’rbarycentric  vectors  of  (b-c)  and  (a-c), 
••  spectively,  and  kiemitted  photon  vector 
D),(p)=-ip  i  k+m^.  (k=a,  b,  and  c) 

Furthermore,  the  Feynman  diagrams  of  the  lowest-order  S- 
matrix  are  discribed  in  Fig.1  including  the  meanings  of 
some  vectors  and  Da(K),  etc.  Taking  the  non-relativistic 
limit  in  eq.(5)  by  means  of  the  approximation, 

<r>~  -p/m  and  <  y  "^  >  —  1 ,  where  <3  >  =  <u*)U>,  gets  to 
the  following  conclusion  in  the  c.m.  frame; 

<M>~(eiiv)(mbmcZa/ma-ma(mcZb*mbZc)  /  (r;  ♦:  c)|  _  (5) 
By  the  way,  another  interaction,  M',  instead  of  M  is 
defined  as 

M’  =  Za!jae>*Zb()be)*Zc(lce)  ,  (6) 

which,  in  fact,  leads  to  the  same  result  of  the  isotope 
effect  expressed  in  eq.(l).  However,  M'  cannot  be 
obtained  from  the  covariant  treatment. 
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INNER  SHELL  VACANCY  PRODUCTION  AND  RADIATIVE  ELECTRON  CAPTURE  IN 
ATOMIC  COLLISIONS  WITH  HIGH  ENERGY  HEAVY  IONS 
D.H.H.  Hoffmann  ,  R,  Anholt  ,  P.H.  Mokler  ,  W.A.  Schonfeldt  ,  E.  Morenzoni 
GS) -Darmstadt,  Germany  Stanford  University,  Stanford,  California  94305  USA 
ETH-Ziirich,  Switzerland 


The  processes  of  inner  shell  excitation  have  been 
investigated  only  very  little  for  energies  above  ?0 
MeV/u,  but  very  intensive  studies  to  explore  inner 


shell  ionization  phenomena  have  been  performed  in  pre¬ 
vious  years  and  only  very  recently  these  experiments 

*> 

have  been  extended  to  include  relativistic  energies*". 


At  low  impact  energies  l<6  MeV.  u)  typical  molecu¬ 
lar  effects  govern  the  mechanisms  of  inner  shell  vacan¬ 
cy  formation,  whereas  at  relativistic  projectile  energies 
atomic  models  of  inner  shell  ionization  and  excitation 
apply  Thus,  at  energies  above  10  MeV  u  a  transition 


from  the  molecular  to  the  one  center  atomic  model  is 


expected  to  take  place. 

For  three  different  projectile  species  and  energies 


.Kr(19.1  MeV/u), 


,Xe(11  and  18.3  MeV 'u), and 


,U(  1  7. 2  MeV/u) 


target  and  projectile  x-ray  cross 


sections  and  radiative  electron  capture  (REC)  cross 


sections  were  measured  at  the  GSI-UNILAC.  Solid  tar¬ 


gets  with  atomic  numbers  Z  ranging  from  6<Z<92  were 
used.  Si(Li)  and  Ceil)  detector  systems  were  applied  to 
analyze  the  characteristic  target  and  projectile  x  rays. 
The  REC  x-rays  were  analyzed  by  a  Gefi)  detector 
positioned  at  9 ()e  with  respect  to  the  beam  direction. 
The  angular  distribution  of  the  REC  photons  in  the  lab- 


oratorv  frame  is  known  to  be  proportional  to  sin:C  even 


at  re!ativ»st»c  velocities  of  the  projectile*5  Some  results 


of  REC  cross  sections  at  IS  3  MeV  u  are  shown  in  Fig 


together  with  data  taken  at  82  MeV  u. 

REC  Cross  Section 


Xe  — >  Z- 


_  jo3  r 


3 —  d ..182  MeV/u:- 
;  □  87  MeV/ U 
J  O  18  3  MeV  'u 


F_ig_._2j.  REC  cross  sections  for  Xe  at  18.3  and  82  MeV  u. 
The  solid  line  the  calculated  REC  cross  section 
for  a  bare  Xe  nucleus  at  82MeV/u. 


The  REC  process  can  be  described  as  the  time 
inverse  of  the  photo  effect  and  is  therefore  proportional 
to  the  photon  cross  section.  Comparing  the  calculated 
cross  section  (solid  line  in  fig.  2)  -  which  is  for  REC 


mto  bare  ions-  provides  a  tool  to  determine  the  average 


number  of  K -shell  vacancies  while  the  projectile  is 


passing  through  the  material  according  to  the  relation 
[NKv/2)  "  t°K  RECtexp)/°K  RECCtheory)1  (1) 


At  82  MeV/u  this  yields  a  number  between  0.5  and 
1  Kv 


1.5  depending  on  the  target  material.  Though  the  aver¬ 
age  charge  state  of  Xe  ions  at  18.3  MeV/u  moving 
through  solid  matter  is  about  48  there  is  still  a  small 


number  of  K  shell  vacancies  available  (<1°o)  while  the 


ion  is  still  inside  the  target  and  experiences  a  high  col¬ 
lision  frequency  with  target  atoms. 

First  results  for  projectile  K  cross  sections  are 


shown  in  Fig.  2.  in  comparison  with  results  from  previ- 
A  1 


ous  experiments 


-  io -4 


tXe  ->  Zt 
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□  183  MeV/u 
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V-/  1 1  tv  1C  V  f  U 

035  MeV/u 


Fig. 2  Projectile  K  cross  sections  at  3.5,  18.3  and  197 
a 

MeV  u  for  Xe  ions  incident  on  solid  targets. 


The  low  energy  data  once  more  emphasize  the  impor¬ 
tance  of  molecular  effects,  as  can  be  seen  from  the 
enhanced  cross  section  for  symmetric  collisions.  The 
influence  of  these  effects  decreases  with  increasing 
impact  energy,  and  and  they  are  already  negligible  in 


the  energy  range  of  20  MeV  u . 
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EIKONAL  CALCULATIONS  OF  ELECTRON  CAPTURE  ST  RELATIVISTIC  PROJtCTILES 
J.  Eichler**  and  R.  Anholt* 

*Department  of  Physics,  Stanford  University,  Stanford,  CA  94305 
^Molecular  Physics  Department,  SRI  International,  Menlo  Park,  CA  94025 


Recently,  experimental  data1  on  relativistic 

2 

heavy-ion-atom  collisions  have  been  analyzed  to 
extract  electron  capture  cross  sections  for  a  variety 
of  collision  systems.  In  this  work,  we  present  a 
comparison  with  experiment  that  is  based  on  a 
parameter-free  relativistic  capture  theory,  the  eikonal 
approximation,  which,  for  Zp  <  ZT,  treats  the  electron- 
projectile  (Zp)  interaction  to  first  order  and  the 
electron-target  (ZT)  interaction  to  all  orders  of 
perturbation  theory  (albeit  in  an  approximate 
fashion).  We  have  calculated  eikonal  cross  sections 
for  capture  from  relativistic  ^sl/2*  1  / 2 *  an<1 

2p^/2  target  states  into  relativistic  Is^^  states  a 
projectile  moving  with  a  relativistic  velocity. 

If  Zp,  Zj  «  117  one  may  derive  an  approximate 
closed  formula  for  the  lsi/2"lsi/2  transition.  This 
expression  reduces  to  the  corresponding  OBK  formula3 4  if 
the  distorting  final-state  interaction  characterizing 
the  eikonal  approach  is  switched  off  by  setting  the 
appropriate  parameter  equal  to  zero. 

A  comparison  with  the  OBK  approximation  shows  that 
the  relativistic  eikonal  cross  section  is  significantly 
smaller  (oy  a  factor  5-15)  than  the  OBK  cross  section3, 
and,  still  much  smaller  than  the  second-Born  result.^* 
This  is  precisely  what  is  needed  to  bring  theory  into 
better  agreement  with  experiment  as  displayed  in 
Figures  1  and  2.  This  agreement  demonstrates  the 
Importance  of  multiple-scattering  contributions  for 
relativistic  as  well  as  for  nonrelat lvistic  electron 
capture . 

*Thls  work  was  supported  in  part  by  the  National 
Science  Foundation  grant  NO  PHY-83-1 3676.  J.  Eichler 
is  on  leave  from  the  Hahn-Meitner  Institute,  D-1000 
Berlin  39,  W.  Germany. 
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Figure  i  Projectile  K  electron  capture  cross  sections 
(per  naked  atom)  for  1050-MeV/amu  Ne  ions.  The  OBK 
results3  are  shown  by  the  dashed  lines  and  the  open 
square,  and  the  eikonal  calculations  with  shielding  for 
target  K,  L,  and  the  sum  of  K  and  L  capture  are  shown 
by  the  solid  lines.  A  second-Born  approximation  calcu¬ 
lation  is  shown  by  the  7  point  Data  (• )  from 
Crawtord  et  al.1  and  Anholt.2 


*T 

Figure  2  Calculated  elxonal  projectile  K  capture 
cross  sections  compared  with  measurements 2  and 
second-Born  calculations  (7  points,  always  lying  above 
the  data  points  •).  The  dasued  part  of  the  curves  show 
the  region  where  the  eikonal  approxlmat ion ,  including 
target  K  and  L  capture,  may  not  be  valid. 
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TOTAL  CROSS  SECTIONS  FOR  K  -  K  SHELL  ELECTRON 
CAPTURE  AT  RELATIVISTIC  ENERGIES 

a.  0.  Humphries  and  B.  L.  Moisei w .  t  s  c  h 

Department  o'  Applied  Mathematics  and  Theoretical  I  r,  sics. 
The  Queen's  University  of  Belfast, 

Belfast  BT7  INN,  Northern  Ireland 


Total  cress  section  curves  for  k-shel1  to  K-shell 
capture  of  electron^  from  target  hydrogenic  ions  by 
incident  fully  stripped  C  *,  Ne  Ar’®*  ions  havina 
impact  energies  of  140,  250,  ACC ,  I05C  MeWanu  have  been 
calculated  using  relativistic  forms  of  the  Cppenhe imer- 
Brinkman-kramers  ,02k)  and  second  Lnrr,  ibc, 
apt  re* ina tiens  together  with  exact  Dirac  relativistic 
atomic  wave  functions. 

We  have  derived  approximate  analytical  formulae  for 
the  scattering  amplitudes  by  carrying  out  an  expansion 
'■  rower  of  ,z,  and  ,Zp  assuming  that  ,ZT,  ,Zp  •  •  1, 
were  end  Z„  are  the  atomic  numbers  of  the  target  and 
r  -'Cite*  i  le  ions  respectively  and  .  is  the  fine  structure 
c.r.s*,-,rt,  and  retaining  the  leading  terms  only.  This 
"m-ars  that  our  capture  cress  sections  are  likely  to  be 
reliasV  only  for  snail  values  o'  Z.,  Zp.  For  this 
reason  „e  have  not  extended  our  calculation'  past  i  50. 

>  figure  1  a  enmparison  is  made  between  our  OBK  and 
P  a: proximatior.  capture  cross  section-  for  incident 
"T.s  and  tne  values  derived  by  AnholtT  from  the 

4 

experimental  data  of  Crawford  .  We  see  that  the  82  cross 
section  curves  are  smaller  than  the  corresponding  OBK 
curves  by  as  much  as  a  factor  of  about  3.  Regrettably 
the  experimental  data  are  rather  meagre  and  moreover  much 
c‘  the  data  relates  to  large  values  of  Zp  for  which  our 
theory  is  not  applicable.  Even  so  our  B?  curves  lie 
considerably  above  the  experimental  points  except  for  the 
low  value  cf  the  target  atomic  number  L,  ■  13  ( A 1 )  and, 
in  seme  instances,  for  ZT  =  29  iCu). 

Experimental  data  for  small  values  of  2,  and  Zp  and 
at  relativistic  energies  are  needed. 

References 

1.  L .  L.  Moi sei wi t sc h  and  5.  G.  5 foe vman  ,  ,j.  Phys.  BIT, 

Z 9  Z  5  (  1  3<:  G  j . 

t.  W.  Humphries  and  B.  L.  Moi  sei  wi  tsch ,  J.  Phys.  B17, 

2655  ( 1 984  ) , 

-  Z.  Phys.  E-,  in  course  of  publication  (1985). 

5.  P.  Anholt,  private  communication. 

h.  J.  Crawford.  Pb.C.  thesis.  University  of 
California,  LBL  report  88G7  (1979). 

H.  J.  Crawford,  L.  Wilson,  D.  Greiner,  P.  J.  Lindstrom 
and  H.  Heckman,  to  be  published. 


L0010 


LOGIC 

TARGET  CHARGE 


FIGURE  1  K  -  K  shell  electron  capture  cross  sections 
for  incident  ions. 

Curves  A  and  data  points  '  :  140  MeV  impact  energy; 

curves  B  and  data  point  :  250  MeV  impact  energy; 

curves  C  and  data  points  »  :  400  MeV  impact  energy. 

Thin  lines  :  OBK  approximation; 

thick  lines  ;  B2  approximation. 
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Charge  distributions  of  selected  projectiles  ranging 
from  85-  to  960-MeV/amu  Fe^+,  Xe^*  Au***+  and  l'^®+ 
penetrating  through  solid  targets  such  as  Be,  C  (Mylar), 

Al,  Cu,  Ag,  Ta  and  Au  have  been  determined  by  magnetic 
1-2 

analysis.  The  experimental  charge  state  distribu¬ 
tions  were  analyzed  theoretically  by  inserting  into  the 
integrated  rate  equations  charge-changing  cross-sec¬ 
tions  based  on  the  following  relatively  simple  concepts: 
(1)  All  electrons  are  assumed  to  be  in  their  ground 
states  at  the  instant  of  charge  change.  This  assumption 
is  valid  for  heavy  ions,  since  the  lifetimes  of  excited 
states  typically  are  much  shorter  than  the  time  between 
exciting,  ionizing  or  capturing  collisions.  (2)  Elec¬ 
tron  loss  cross  sections  for  a  given  shell  are  assumed 
to  be  proportional  to  the  number  of  electrons  in  the 
shell.  (3)  Electron  attachment  cross  sections  for  a 
given  shell  are  assumed  to  be  proportional  to  the  num¬ 
ber  of  vacancies  in  the  shell.  (4)  Of  the  various  pos¬ 
sible  multiple-charge  changing  cross  sections,  only  two- 
olectron  loss  is  taken  into  account. 

Optimum  ionization  and  capture  cross  sections  were 
found  by  a  least-squares  fitting  procedure.'*  *  Our  over¬ 
all  results  can  be  summarized  as  follows:  Most  of  the 
optimum  reduced  chi-square  values  of  the  charge  distri¬ 
bution  firs  lie  between  0.5  and  3.  The  extracted  K-  and 
L-  ionization  cross  sections  generally  lie  within  a  fac¬ 
tor  1.0  to  1.5  of  those  predicted  by  Anholt^  in  a  rela¬ 
tivistic  PW'BA  calculation.  For  electron  capture  from 
light  targets,  where  radiative  capture  (RFX)  dominates, 
there  is  general  agreement  with  the  findings  obtained 
from  direct  REC  detection.^  For  capture  from  heavy  tar¬ 
gets,  nonradiative  capture  (NRC)  and  REC  compete.  Fig. 

1  shows  that  the  NRC  into  the  projectile  K  and  1.  shells 
(from  target,  K,  L  and  M  shells)  is  in  very  good  agree¬ 
ment  with  new  relativistic  eikonal  calculations  by 

F.ichler.  On  the  other  hand,  the  relativistic  OBK  cal- 

9 

culations  by  Moiseiwitsch  and  Stockman  overestimate 
the  observed  N'RC .  The  top  part  of  Fig.  1  shows  the  ex¬ 
tracted  total  capture  cross  section  into  bare  Au  projec¬ 
tiles  impinging  on  an  Au  target.  The  bottor  of  Fig.  1 
gives  the  extracted  total  capture  cross  section  into 
two-electron  Au  projectiles.  In  the  other  examined 
cases,  the  findings  are  generally  similar. 


79+ 


Au 


MeV/amu 

Figure  1.  Capture  cross  sections  for  (a)  Au ' 
and  (b)  Au^/-f  +  Au  «s  a  Junction  of  bombarding  energy,  ex¬ 
tracted  from  measured  charge  distributions  from  Auh*^ 
projectiles  impinging  on  Au  targets  of  varying  thickness. 
Dotted  lines  are  REC,  full  lines  are  relativistic  eikonal 
calculations  (Ref.  8)  +  REC,  dashed  lines  are  relativis¬ 
tic  OBK  calculations  (Ref.  9). 
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Charge  changing  cross  sections  of  relativistic  heavy 
ions  can  be  obtained  by  analyzing  their  charge  distri¬ 
butions  after  penetration  through  solid  targets  of  vary¬ 
ing  thicknesses.1  A  less  ambiguous  method  consists  of 
preparing  the  ions  in  a  given  charge  state  and  then 
letting  them  penetrate  through  targets  thin  enough  so 

that  the  yields  of  one-electron  loss  and  one-electron 

2 

capture  vary  linearly  with  the  target  thickness.  In 
that  case,  the  ionization  and  capture  cross  sections 
can  be  obtained  directly  from  the  linear  target  thick¬ 
ness  dependence. 

45+ 

By  stripping  Xe  ions  accelerated  in  the  Lawrence 
Berkeley  Laboratory  BEVALAC  by  means  of  2  to  10  mil 
Mylar  foils,  beams  of  two-electron,  one-electron  and 
bare  Xe  ions  were  prepared  with  energies  between  85  and 
200  MeV/Amu.  These  ions  were  passed  through  thin  foils 
of  Be,  Mylar,  A1 ,  Cu,  Ag  and  Au.  The  yields  of  the 
resulting  charge  states  were  determined  by  magnetic 
analysis.3  The  most  time  consuming  and  critical  part 
of  the  experiment  was  the  proper  focusing  of  the  charge 
state  beams  onto  the  position  sensitive  detector  of  the 
magnetic  spectrometer,  to  assure  a  uniform  detection 
efficiency  along  the  sensitive  area  of  the  detector. 

Analysis  of  the  results  is  presently  under  way. 

Preliminary  inspection  of  the  data  indicates  that  the  K 
ionization  cross  sections  of  Xe52*  and  Xe53*  are  close 
to  those  predicted  by  a  relativistic  calculation  of 

4 

Anholt  ,  and  that  the  non-radiative  capture  cross  sec- 

544 

tions  into  the  K  shell  of  Xe  differ  from  the  relativ¬ 
istic  predictions  of  Moiseiwitsch  and  Stockman5. 
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In  previous  works^  the  ncn-relativistic 

4 

Continuum  Distorted  Wave  (NRCDW)  model  has  been  used 
to  study  K-K  shell  electron  capture  in  ion-atom 
collisions  at  high  energies.  Comparisons  were  given 
with  non-relativistic^Seoond  Order-Born  (NRB2) 
calculations.  Recently, relativistic-Second  Order-Born 
(RB2)  approximations  have  been  introduced5,  in  order 
to  correct  the  high  energy  behaviour  of  the  NFB2 
approximation.  In  the  present  work, we  develope  an 
ultrarrelativistic-Continuum  Distorted  Wave  (URCDW) 
model  where  ultrarrelativistic  continuum  states7  of  the 
projectile  and  of  the  target  have  been  considered  into 
the  distorted  initial  and  final  wave  functions 
respectively.  Calculations  of  the  T-scattering  amplitude 
are  reduced  to  the  evaluation  of  one-dimensional- 
integrals.  When  relativistic  initial  and  final  bound 
functions  are  approximated  by  Schroedinger'wave 
functions  (which  will  be  valid  for  light  targets  and 


projectiles)  closed  analytical  expressions  are  obtained 
for  T.  Double  scattering  structures  which  arise  in 
differential  cross  sections  are  studied  using  the 
URCDW  model  and  comparisons  are  given  with  RB2 
calculations.  Dependence  of  URCDW-total  cross  sections 
on  the  impact  energy  E  is  analysed  when  E  ♦  . 
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Over  the  past  few  years,  we  nave  attacked  a  wide 
range  of  problems  in  atomic  physics  through  direct  solu¬ 
tion  of  tne  Schrodinger  (or  Dirac)  equations  in  2  and  3 
dimensions  by  finite  element  techniques.  These  problems 
iocluoe  charge  exchange  in  simple  systems  and  electron- 
impact  ionization,-  complex  ion-atom  collisions,2  and 
pair  production  in  very  heavy  ion  collisions.3 

We  now  propose  to  reach  a  new  level  of  accuracy  and 
efficiency  by  introducing  Basis  Spline  and  Collocatior 
(jalerkin)  techni ques ."  The  former  are  just  localized 
piecewise  di fferentiable  polynomials  in  which  the  wave- 
function  can  be  expanded,  e.g.,  is  one  dimension 
(summations  understood) 


w(x)  =  CJ  Uj(x) 


in  Eq.  (4),  B"  is  the  matrix  of  2nd  derivatives  of  Uj  and 
the  raised  indices  refer  to  an  inverse  matrix. 

The  advantages  of  this  formulation  over  the  varia¬ 
tional  finite  element  method  in  2  and  3  dimensions  are: 
(a)  the  matrices  involved  are  more  sparse,  (b)  easier  to 
encode,  (c)  better  conditioned,  and  (d)  estimates  of 
numerical  error  can  be  extracted. 

At  the  conference,  we  will  present  results  on  some 
model  problems  to  illustrate  techniques,  as  well  as  some 
studies  of  realistic  problems,  notably  collisions  of 
heavy  ions  at  relativistic  velocities.  This  involves 
solving  the  Dirac  equation  In  3D  with  all  retardation 
and  magnetic  effects  included. 


At  a  set  of  collocation  points  5_ 


*  va  =  Bxj  *  >  Baj  ujX' 
We  demand  that  the  Schrodinger  equation 


be  satisfied  at  each  collocation  point,  leading  to  the 
equations 

i  —  *  K  9  va,  K J 3  =  -  I  B".  8jf3  *  V  6  ,  ( 

i  p*  a  p  ai  a  ap  v 
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rable  increase  of  the  direct  pair- 
cross  section  is  expected  for  relati¬ 
n'/-/  ion  collisions  because  tne  eloc- 
1  c  f  i  o  1  ds o f  t  he  pro j ec t  i  1  c*  can  con t  r  i  - 
nor.cn t um  components  to  the  pair  crea- 
:;e  Coulomb  field  of  the  tarnot  nucleus, 
um.pt  ion  is  supported  by  calculations 
w:.c  used  the  virtual  photon  method  to 
pair-creation  cross  sections  for  r’+t* 
s  wit:.  pro  :ect i  le  ononiv?  10  GvY  nmu. 

::  *.  r  i  b  u  1 1  we  present  ;air-c  re  a  t  i  on 

Mi'S  and  *ross  sections  for  incident 
r  ions  between  20  V.cV,  a  mu  and  10  •  'eV  / 


Fi  1  shows  sinqle  differential  pair-creation 
cross  sections  as  a  function  of  the  energy  of 
the  emitted  rositron  and  integrated  over  all 
electron  energies.  The  target  is  assumed  to  be 
an  Uranium  nucleus  (Z  =92),  and  the  screening 
effects  from  atomic  electrons  are  neglected. 

The  decrease  of  the  cross  sections  for  small 
tositron  energies  is  due  to  Coulomb  deflection 
effects  of  the  positron  by  the  taraet  nucleus. 
Tor  increasing  projectile  energies  the  cross 
sections  decrease  slower  at  high  positron  ener¬ 
gies  because  of  the  increasing  high  momentum 
Components  in  the  electromagnetic  fields  of  the 
pro  iect  i  le  . 


..  "  ,  ~  :>r  V  r) 

k  ...  X  . 

.  *.  is  . d t * r. *.  i  c a  *  t  tna*  .  f  •  r  1  an*..- 
upp  rc.xir.at  :  c  n  P WbA  .  7:  •  *  a  1  *r 

c  r  pa  i  r  -  c  re  a  t  l  on  is  oL  t  u  :  :  v  ;  r.  *.  •' 
Vv-r  the  final  electron  and  :  si*;  - 
We  used  hydrogen  :  e  cent  in. ;  I. » :  s  - 

1 2  ens  for  the  electron  nr.  :  : 


curves . 


Pig.  2  shows  the  total  pair-creation  cross  sec¬ 
tion  for  Zp+l*  collisions  as  a  function  of  the 

project  ilo  enemy.  For  E  20  MeV/amu  the  values 

2 

agree  with  those  cf  Anhclt  et  al.  using  the 
PWBA  and  neglecting  retardation  and  Coulomb  de¬ 
flection  effects.  Per  E=1Q  GeV/amu  our  cross 
section  agrees  wit. r.  calculations  of  Soff 
(dashed  curve i  wiMun  roughly  a  factor  of  1.5. 


/ 

/ 
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:  * r •  .i t  . '  * .  cross  sections  (solid  curve) 

is  a  functi  n  of  the  projectile 
.  T:.-  dashed  curve  is  obtained  by 
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Highly  charged  argon  recoil  ions  were  produced  by 
collisions  of  5.9  MeV/amu  U66+  (average  charge)  ions 
with  an  argon  gas  target  and  x  rays  of  one-  and 
two-electron  states  of  argon  were  measured  with  a  high 
precision.  Those  excited  states  play  an  important  role 
in  other  x-ray  sources  including  fusion  plasmas 
because  the  corresponding  transitions  serve  as  diag¬ 
nostic  indicators  for  density  and  temperature.  How¬ 
ever,  the  x-ray  lines  are  usually  accompanied  by  a 
satellite  structure,  due  to  excitation  of  doubly 
excited  states,  which  may  obscure  the  measurement. 
Therefore,  we  went  through  a  very  careful  analysis  of 
the  satellites  and  their  influence  on  final  wavelength 
precision. 

The  transitions  of  interest  are 


2pv 

-  1s(Lyman  ai>2)  in  Ar17*  and 

(  1! 

1  $2p 

JPi,2.  'Pi  *  IS7  'S0  in  ArIS+. 

(ii) 

Using  high-resolution  crystal  spectrometers  and 
x-ray  transfer  standards  we  were  able  to  achieve  a 
calibration  of  the  wavelength  scale  relative  to 
visible  standards  with  a  precision  of  up  to  2  ppm.  The 
high  precision  is  partly  due  to  the  absence  of 
Doppler-shift  problems  in  the  recoil  light  source.  For 
(i)  we  obtained  a  final  precision  of  5  ppm  as  limited 
by  model  uncertainties  arising  from  spectator-electron 
satellites  whereas  for  (ii)  the  uncertainty  of  12  ppm 
is  dominated  by  the  tranfer  standard  used. 

We  will  compare  our  experimental  wavelengths  to 
recent  theoretical  calculations.  In  case  of  the 
Lyman-a  transitions  our  error  bars  allow  a  1.5  %  test 
of  the  QED  corrections  to  the  Is  binding  energy 
whereas  in  the  two-electron  case  electron-electron 
correlation  effects  and  the  treatment  of  the  two-body 
QED  contributions  become  important. 

The  figure  displays  the  x-ray  region  of  the 
helium-like  transitions  demonstrating  the  strong 
increase  of  satellites  population  with  gas  pressure 
along  with  the  quenching  of  the  long-lived  *Pj  state. 
In  the  high  pressure  spectrum  the  results  (dashed 
curve)  of  our  a  priori  model  calculations  for  the 
1s2tni  n  r  9  satellites  are  given  for  comparison. 


x  r*ys  from  Ar*'  pressure 
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FIGURE  1  Argon  x-ray  spectra  induced  by  impact  of  5.9 
MeV/amu  uranium  projectiles. 


References 

I  H.F.  Beyer,  R.D.  Deslattes,  F.  Folkmann,  and  R.E. 
LaVilla,  J.  Phys.  BIB  (1985)  207 

2.  R.D.  Deslattes,  H.F.  Beyer,  and  F.  Folkmann,  J. 
Phys.  B]2  (1984)  L689 


Acer racy  of  transfer  calibrations  in  high  resolution  high  precision  x-ray  spectroscopy 


Martin  P.  Stockli,  J.  L.  Shinpaugh,  J.  M.  Sanders,  and  Patrick  Richard 
James  R.  Macdonald  laboratory,  Kansas  State  University,  Manhattan,  Kansas  66506 


Ovet  the  last  few  vears  several  groups  have 
ufirlert  iken  precision  measurements  of  xt.iv  lines  of 

i.-tre  ion  spfi  ies  k*.r.  hvd » ugen I i ke ,  heliumlike  ami 
douh  I  i  t  #*d  h*M\-v  ions*.  because  yields  of  such 

ions  .<?•»■•  i  iiIhm  limited  the  experiments  used  spec t To¬ 
mer  ets  with  .»  high  *•  •’  f  i  r  i  en*  v  ,  e.g.,  a  curved  crystal 
spe,  trometer  tombined  with  a  position  sensitive 
lift  t  (K  .  Such  a  spe«  t  r  omet  er  can  be  calibrated  to 
?  *  i  i:  hi  pret  isjnn  using  a  more  common  x-rav  line  with  an 
exitM  gv  which  is  h  known  x-rav  standard  or  which  can  be 
determined  atcmatelv  in  a  separate  experiment  using 
si  at e-of -t he -art  techniques  and  methods.  Future 
exper i men l s  need  to  improve  the  accuracy  of  such 
transfer  calibrations  which  could  be  limited  by  the 
actur.icv  of  the  x-rav  standards,  presently  in  the 
0.6-10.0  ppm  range.”  One  of  the  limiting  factors  in 
this  accura< v  is,  in  some  cases,  the  unknown  satellite 
structure  in  the  virinitv  of  rhe  calibration  line.  In 
order  to  obtain  identical  satellite  structure,  the 
calibration  has  to  be  done  with  the  samt  excitation 
method  which  is  or  was  used  in  the  measurement  of  the 
standard.  However,  in  general  the  two  spectra  are  not 
identic aJ  because  of  unequal  resolution ,  background  and 
total  intensity.  The  present  work  investigates  the 
accuracy  and  uncertainty  of  such  transfer  calibrations 
by  using  various  defined  standards.  3-MeV  proton 
induced  x-rav  spectra  were  measured  with  a  spectrometer 
as  described  above  using  an  Ar  target  (Fig-  1;  total 
8x10  counts)  and  a  Mn  target  (Fig.  2;  total  2x10** 
counts).  These  two  tvpical  calibration  spectra  were 
fitted  with  a  least  squares  fitting  routine  based  on  a 
first  order  Tavlot  expansion. 

Hi  st  ori  i  a]  J  >•  the  x-ray  standards  refer  to  the 
location  of  highest  intensity  evaluated  bv  the  division 
of  chords.  Recently  we  developed  a  method  to  deter¬ 
mine  this  location  ami  its  error  with  a  least  squares 
fitting  routine.  Since  this  location  is  not  well 
defined,  its  error  is  lather  large  (see  Table  1,  Line 
A 1 ) .  Nearbv  satellites  cause  a  shift  which  depends  on 
the  resolution,  which  can  be  essential Iv  eliminated  bv 
treating  the  spacing  between  the  ma tor  satellites  as  a 
known  parameter.  This  improves  the  uncertainty  onlv 
slightlv  (Table  1,  Line  A2 ' . 

Today  it  is  mote  common  to  fit  the  c  alibi  at  ion 
lines  with  approximative  Voigt  functions  and  to 
include  a  reasonable  number  of  satellites  if  needed  for 
a  seasonable  chi  square.  These  additional  satellites, 
which  are  indicated  in  the  figures,  represent  groups 


of  unresolved  satellites.  The  line  positions  of  the 
major  satellites  are  much  better  defined  compared  to 
the  location  of  highest  intensity.  However,  the 
position  uncertainties  remain  sizeable  (Table  1,  Line 
B1 )  because  of  the  strong  correlation  with  the 

unresolved  additional  satellites.  If  the  line  shape 
5 

parameters  are  predetermined  ( t- .  g  .  in  the  measurement 
c»f  the  standard)  they  can  be  treated  as  known  para¬ 
meters  which  improves  the  position  uncertainties 
(Table  1,  Line  B2 ) .  If  in  addition  the  spacings  among 
the  satellites  are  predetermined,  the  position 
uncertainty  (which  now  refers  rather  to  the  line  group 
than  to  an  individual  line)  is  further  improved  (Table 
1,  Line  B3).  If  in  addition  the  intensity  ratios 
among  the  satellites  are  predetermined,  the  position 
uncertainties  are  further  improved  (Table  1,  Line  BA) 
and  come  very  close  to  the  statistical  limits. 

A  more  detailed  study  on  the  effects  of  different 
resolution,  line  shape  and  cutoffs  is  in  progress. 

This  work  is  supported  bv  the  Department  of  Energy, 
Division  of  Chemical  Science. 
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v. 


We  have  measured  the  energy  distributions  of 
ejected  electrons  in  Ar^^  +  +  Ar  collisions  with  a  high 
energy-resolution  spectrometer  in  order  to  study  the 
ionization  mechanism  in  heavy-ion  atom  collisions  and 
the  energy  levels  of  highly  ionized  atoms. 

Auger  electrons  from  highly  ionized  target  argon  atoms, 
such  as  Ar"'74  ( 2s^2p  ) ,  Ar^  +  ( 2s^2pVs^ 3p) ,  and 
Ar^+ (2s^2pVs^3p^) ,  have  been  observed,  which  appears 
when  3p  ionization  occurs  simultaneously  with  2p 
tarnation.  ' 

It.  the  present  study,  we  have  measured  the 
projectile  and  charge  state  dependences  of  the  L23-MM 
Auger  transitions  of  Ar.  Though  it  is  well-known  that 
the  normal  Lj^-MM  Auger  lines  appear  strongly  in  the 
electron  or  proton  impact  (see  Fig.1),  very  few 
experiments  have  been  made  in  the  heavy-ion  impact  to 
study  how  the  degree  of  the  ionization  increases  as  the 
atomic  number  of  projectile  increases.  The  spectra  of 
the  L23-MM  Auger  electrons  ejected  from  Ar  targets  by 
about  1  MeV/arau  He,  C,  N,  Ne,  Al,  and  Ar  ion  bombardments 
have  been  measured  at  an  ejected  angle  of  135°  with 
respect  to  the  beam  direction.  He4-,  C^4,  N^  +  ,  Ne^4, 
AlV  and  Ar^4  ions  were  accelerated  by  the  linear 
accelerator  of  ICPR  (RILAC)  and  highly  charged  He^4, 
C5  +  ,  N^4,  Ne®  +  ,  Al^4,  and  Ar1^4  ions  were  produced  by 
passing  the  ions  through  a  carbon  foil  stripper.  The 
other  experimental  conditions  and  apparatus  were 
described  elsewhere. ^ 
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The  ejected  electron  spectra  obtained  by  He4,  C^4, 
N^4,  and  A r^4  impacts  are  shown  in  Fig.1  together  with  a 
3.00  keV  electron  impact  data  for  the  comparison.  The 
measured  energy  range  of  electrons  was  from  80  to  250 
eV.  The  lines  above  spectra  in  Fig.1  indicate  L23-MM 
Auger  electron  energies  calculated  by  Larkins^  using 
the  adiabatic  model.  The  number  of  each  line  indicates 
the  number  of  3p  vacancies  in  the  initial  state  of  Auger 
transition.  We  have  compared  the  spectra  with  the 
theoretical  calculations  and  obtained  the  following 
results.  In  the  case  of  He4  impact,  the  normal  Auger 
lines,  L23-M23M23,  L23~M1M23»  and  L23”MiM1*  appeared 
strongly  and  they  are  very  similar  to  the  case  of 
electron  impact.  However,  as  the  atomic  number  2  of 
the  projectiles  increases,  the  normal  Auger  lines 
weakened  and  the  intensities  of  satellite  lines 
enhanced.  Namely,  for  Ar  impact  the  normal  Auger  lines 
disappeared  and  the  intensities  of  the  Auger  lines  from 
the  charge  states  of  7*,  6+  and  5  +  of  Ar  increased. 

Fig. 2  shows  an  example  of  the  charge  state 
dependence  of  the  projectiles  having  the  same  velocity. 
A  drastic  change  is  seen  between  N^*  and  N^4  ion 
bombardments.  For  N  impact  the  normal  Auger 
transitions  were  clearly  observed;  on  the  other  hand, 
for  the  case  of  N°4  the  normal  transitions  diminished 
and  satellite  lines  from  the  highly  ionized  atoms 
enhanced.  This  may  be  attributed  to  the  3p  electron 
transfer  from  target  to  projectile,  because  the  or.<=»- 
electron  transfer  cross  section  from  the  target  to  N°* 
ion  has  about  tow  orders  of  magnitude  larger  than  that 
for  the  case  of  N24  ion.^ 

Further  systematic  measurements  and  analysis  are  in 
progress. 
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K  FtUORSSCBMCE  YIELDS,  AUGrE  AND  X-RAY  DECAY  RATES  FOR 
MULTIPLY  IONIZED  ATOM 2 • 
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Fluorescence  yields  as  well  as  radiative  and  radia¬ 
tionless  transition  t?nergios  and  intensities  of  multiply 
ionized  atoms  are  of  interest  in  the  study  of  ion-atora 
collision  phenomena  as  uell  as  in  connection  with  astro¬ 
physics#  Because  K-shell  vacancies  produced  in  heavy-ion- 
atom  collisions  are  usually  accompanied  by  multiple  inner 
shell  ionization  (in  contrast  to  proton-atom  or  electron- 
atom  collisions)  ,  reliable  values  of  the  K  fluorescence 
yield  for  various  defect  configurations  of  many  atoms  and 
ions  are  imperatively  needed#  Up  to  no-  ,  only  few  appro¬ 
aches  have  been  achieved  and  the  published  results  con¬ 
cern  essentially  ions  of  neon^,  argon ^  and  some  iso- 
electronic  series^  • 

This  work  presents  numerical  results  of  Auger  fX-Ray 
rates  and  K  fluorescence  yields  (as  well  as  the  correspon¬ 
ding  transition  energies) for  many  defect  configurations 
with  an  atomic  number  Z  varying  between  11  and  12,  i.e 
betueen  A1  (ls2s22p°3s23p)  and  Ar  (l s2s22pfe3s23p°)  .  The 
calculations  concern  many  ions  with  a  configuration  obtai¬ 
ned,  either  by  stripping  down  the  outer  shell,  or  by 
creating  vacancies  L— shell  without  changing  the  structure 
of  ;■!  subshells. 


Both  K  Auger  (Tft)  and  X-Ray  (T^)  rates  have  been 
determined  in  the  framework  of  non  relativistic  models 
(since  dealing  with  relatively  low  atomic  numbers)  T  in 
order  to  calculate  the  fluorescence  yield  = 


K  iL  +■  T,* 
X  A 


Radiative  and  Auger  decay  rates  of  a  Is  vacancy  in  ions 
whose  configurations  contain  L-shell  vacancies  (for  exam- 
pie  1s2p'3s^3p  of  Ei)  have  been  calculated  in  the  same 
approximations  as  used  for  the  stripped  configurations 
(for  examples  1s2s22p^3s2  and  1s2s22p^  in  Si  )•  The 
Herman  and  Ekiliman  Hartree-Slater  potential  was  used  to 
generate  the  vavefunctions  needed  for  computing  T^  and  T^. 
However,  two  series  of  calculations  have  been  performed: 
the  first  one  considers  that  both  the  discrete  and  conti¬ 
nuum  wavefunctions  are  eigenfunctions  of  the  potential 
of  the  initial  state,  while  in  the  second  series,  the 
continuum  wavefunction  describing  the  ejected  electron  is 


determined  with  the  potential  of  the  ion  in  the  final 


state  (once  more  ionized)  after  filling  the  Is  vacancy# 

In  both  cases,  I  have  determined  an  averaged  fluorescence 
yield,  the  various  multiplet  yields  and  an  effective 
fluorescence  yield  for  a  given  configuration  n: 

^'K(n)  -  2^  Cn(L3)  ^>K(Ls,n)  where  the  Cn(LS) 

are  the  population  probabilities  of  multiplet  states  LS 
in  the  configuration  n#  A  statistical  population  is  supposed# 


Electronic 
Configurations 
of  Eilicium 

3 

Rates(lO  /a.u.) 
Total  Total 

Auger  X-Ray 

Averaged 

Is  2s  2pb3s23p2 

14.0395 

1.027 

0.06816 

Is  2s  2p53s23p^ 

11.403 

0.930 

0.07541 

Is  2s  2p43s23p2 

8.6786 

0.8131 

0.08566 

Is  2s  2p^3s23p^ 

6.022 

0.674 

0.10068 

;1s  2s  2p23s23p2 

3.661 

0.511 

0.12252 

[Is  2s  2p  3s23p2 

1.872 

0.322 

0.14691 

Is  2s22p63s23p2 

15.7247 

0.9644 

0.05778 

Is  2s22p°3s23p 

15.6284 

0.9576 

0.05773 

Is  2s22p63s2 

15.4800 

0.9484 

0.05773 

Is  2s22p^3s 

15.4436 

0.9538 

0.05817 

Is  2s22p6 

15.0027 

0.9569 

0.05996 

Is  2s22p5 

12.4292 

0.85728 

0.06452 

Is  2s22p4 

9.71326 

0.73604 

0.07043 

Is  2s22p3 

7.05235 

0.5913 

0.07736 

2  2 

Is  2s  2p 

4.6854 

0.4212 

0.08248 

Is  2s22p 

2.8919 

0.2242 

0.07197 

The  values  given  above  for  some  siliciura  ions  illus¬ 
trate  some  general  conclusions,  although  minor  discrepan¬ 
cies  are  pointed  out  when  we  compare  results  obtained  in 
the  different  approximations  mentionned  above  :  some  cases 
deserve  to  be  treated  with  more  sophisticated  models,  in¬ 
troducing  initial  state  correlations  (  for  instance,  the 
1s2s  2p  configuration  should  be  mixed  with  1s2p  )  and 
intermediate  coupling  to  describe  the  final  state#  Anyway, 
among  these  general  conclusions,  we  will  mention: 

A)  K  fluorescence  yields  are  found  to  increase  with 
the  ionization  degree,  but  stripping  of  outer  shells  has 
a  much  smaller  effect  than  creation  of  an  empty  inner 
subshell  of  spectator  electrons# 

B)  While  multiple  2p  vacancies  alter  slightly  as 
long  as  two  2s  electrons  are  present,  the  fluorescence 
yield  may  be  up  to  4  times  greater  if  one  or  two  vacancies 
are  simultaneously  created  in  the  2s  subshell# 

A  relativistic  extension  of  the  codes  is  in  progress 
in  order  to  treat  ions  with  higher  atomic  number# 
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An  alternative  decaying  mode  for  atoms  bearing  two 
internal  vacancies,  usually  produced  by  heavy  ion 
collision,  is  the  simultaneous  jumping  of  two  external 
electrons  to  fill  the  vacancies  resulting  in  the 
emission  of  only  one  photon.  When  the  decaying  electrons 
are  both  from  the  M  shell  or  one  from  the  L-shell  and 
one  from  the  M-shell  jumping  into  two  K-shell  vacancies 
they  are  usually  denominated  Kgg-  or  transitions, 

respectively.  Although  the  evidency  of  this  decaying 
mode  can  be  found  in  recent  publications ^ 
quantitative  results  are  very  rare  and  theoretical 
calculations  are  limited  to  a  few  cases^’^. 

In  the  present  work  the  transition  rates  for  this 
two-electron  one-photon  decaying  process  for  atoms 
bearing  initially  two  vacancies  in  the  K-shell  were 
evaluated,  considering  that  the  decay  process  is  a 
result  of  the  interaction  between  the  atom  and  the 
radiation  field.  Assuming  that  the  atom  can  be 
approximated  by  a  separable  N’-electron  single  particle 
Hamiltonian.  The  following  expression  for  the  two 
electron  one-photon  transition  probability  is  obtained: 
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A  detailed  description  of  the  calculational 

(7  8) 

procedure  can  be  found  in  recent  publications  1 

The  results  shown  in  Figure  1  for  the  transition 
rates  Uv  and  W,.  ,  for  Al  up  to  Zr,  were  obtained  using 

LSJM  representation  and  screened  hydrogenic  wave 
functions.  The  screening  for  each  electron  state  was 

obtained  decreasing  two  units  from  tabulated  values  of 
(9) 

Froese  Fischer  .  This  procedure  was  followed  to  compen 
sate  the  absence  of  the  K-shell  electrons  and  was 

followed  in  previous  calculation  of  the  K  -  transition 

( 8) 

rates  giving  results  in  good  agreement  with 
available  experimental  data.  The  two  values  reported  for 

each  element  were  obtained  considering  two  values  for  the 

(9) 

electron  energy:  tabulated  values  corrected  for  the 
decrease  of  the  screening  due  to  the  internal  vacancies 
and  hydrogenic  energies  using  screened  Z  values. 
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FIGURE  1  -  VI..  -  and  W„  -  transition  rates 


The  present  approach  allow  an  insight  of  the 
decaying  process  and  only  correlation  between  the  jumping 
electrons  are  considered.  The  calculation  is  greatly 
simplified  and  requires  only  single  particle  wave 
functions.  Besides  that  the  allowed  decaying  electron 
pair  is  chosen  directly  from  the  theory  according  to 
angular  momenta  selection  rules  for  each  initial  state. 
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We  are  investigating  the  total  probability  P(E,6) 
for  electron  capture  at  scattering  angles  of  30°  and 
150°  in  order  to  study  large  angle  scattering  and  pre¬ 
dicted  nuclear  resonance  effects  in  charge  transfer  re¬ 
actions  in  ion-atom  collisions.1  So  far,  we  have  in¬ 
vestigated  proton  scattering  on  carbon  (CH^)  and  nitro¬ 
gen  (N^)  using  a  magnetic  separation  method  for  the 
scattered  H+  and  H°  particles.  The  data  for  H+  +  C  at 
^lab  =  350-1000  keV  is  shown  in  Figure  1.  At  30°,  this 
data  is  consistent  in  absolute  magnitude  with  the  cal¬ 
culations  of  Amundsen  and  Jakubassa-Amundsen. 1  The 
data  also  agrees  with  previous  experimental  values  of 

p 

Horsdal -Pederson  et  al  below  600  keV.  (The  disagree¬ 
ment  between  our  values  at  E^ab  *  1000  keV  is  currently 
being  investigated.)  The  data  at  9lab  *  150°  deviates 
considerably  from  calculations  as  can  be  seen. 


Figure  1.  Electron  capture  probabilities  for  p  + 

CH4  collisions  as  a  function  of  proton  energy.  Experi¬ 
mental  values  at  9iab  =  30°  from  Ref.2  (x) ,  at  9iab  =  30° 
(A)  and  150°  (•)  from  present  work.  Theoretical  values 
at  9  *  30°( - )  and  at  9  =  150°( - )  from  Ref.  1. 

Figure  2  gives  P(E,150°)  in  the  resonance  regions 
for  H+  +  C(E)ab  =  460  keV)  and  H+  +  N(Elab  =  1058  keV) 
as  well  as  the  nuclear  cross  section  ratio.  Within  the 
statistical  and  systematic  errors,  the  predicted  modu¬ 
lation  of  P(E,8)  cannot  be  definitely  ascertained  for 
the  H+  +  C  resonance,  but  for  the  H+  +  N  resonance,  our 
experimental  results  are  in  qualitative  agreement  with 
the  theoretical  predictions.1 


Figure  2  (a)  Electron  capture  probabilities  at 

8ia(j  =  150°,  for  p  +  CH4  collisions  in  the  neighborhood 
of  the  462-keV  resonance,  (b)  Electron  capture  proba¬ 
bilities  at  9]ab  *  '50°  for  p  +  N2  collisions  in  the 
neighborhood  of  the  1058-keV  resonance.  The  150°/30° 
counting  ratios,  proportional  to  the  nuclear  cross  sec¬ 
tion  ratios,  are  shown  in  the  bottom  parts  of  the  figure. 
The  solid  curves  are  from  Ref.  1.  The  dashed  curves 
are  scaled  to  fit  the  experimental  magnitudes. 
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Several  years  ago,  Anholt1  proposed  that  the  theory  of  atomic 
inner-shell  ionization  could  be  applied  to  the  determination  of 
nuclear  reaction  times  in  suitable  deep  inelastic  reactions.  If  the 
if -shell  ionization  probability  Pk  is  measured  as  a  function  of  the 
total  kinetic  energy  loss  of  the  reaction  ~Q ,  the  average  nuclear 
time  delay  associated  with  a  certain  Q  value  can  be  deduced. 

Recently,  Ch.  Stoller  et  at?  inferred  a  nuclear  delay  time  of 
approximately  10-21  s  at  —  Q  =  100  MeV  in  the  deep  inelastic  re¬ 
action  U  +  U  at  a  bombarding  energy  of  7.S  MeV /a.m.u.  This  ex¬ 
periment  relied  on  the  unambiguous  detection  of  two  unfissioned 
t/-like  reaction  products  in  coincidence.  However,  the  detec¬ 
tion  of  coincidences  up  to  apparent  —  Q  values  of  —  250  MeV 
suggested  that  the  fission-rejection  criteria  may  not  have  been 
stringent  enough.  We  therefore  repeated  this  experiment  with 
a  different  detection  method  in  order  to  improve  fission  event 
rejection  and  to  extend  the  measurement  to  larger  -Q  values. 
Incorrect  fission  event  rejection  not  only  falsifies  the  -Q  value, 
but  also  the  corresponding  value  of  Pk-  The  reason  for  this  is 
that  any  fissioning  C/ -like  nucleus  will  do  so  in  a  time  (~  10~21 
sec)  much  shorter  than  the  lifetime  of  a  K  vacancy  (~  1CT18  to 
10"17  s).  Hence,  no  {/-like  x-ray  will  be  emitted,  and  Pk  is  ef¬ 
fectively  reduced.  Indeed,  the  entire  Pk  dependence  on  -Q  can 
be  fortuitously  decreasing  if  the  fission  rejection  decreases  as  -Q 
increases. 

Our  experimental  set  up  is  shown  in  Fig.  1.  The  7.5  MeV/a.m.u. 
1  -beam  from  the  Lawrence  Berkeley  Laboratory  SuperHILAC 
was  directed  on  to  600  750  ug/em2  2 30 O'  targets.  Particles 

emerging  from  the  collision  were  detected  by  an  ionization  cham¬ 
ber  on  one  side  of  the  beam  and  by  two  parallel  plate  avalanche 
counters  (PPACs)  on  the  other  side.  The  main  element  here  is 
the  LBL  large-sol  id -angle  ionization  chamber3  which  can  deter¬ 
mine  Af?i  -  A£j  -  E „,t,  0  (in  plane)  and  ♦  (out  of  plane)  for 
the  detected  particle.  In  this  chamber,  unfissioned  U  nuclei  were 
unambiguously  selected,  and  from  the  energy  and  angle  alone,  we 
determine  Q,  independent  of  the  behavior  of  the  partner  prod¬ 
uct.  For  the  Pk  determination  we  used  two  large  area  PPAC’s 
to  see  if  the  reaction  partner  has  fissioned  or  not.  The  front 
(transmission)  PPAC  allowed  time-of-flight  measurements  with 


the  rear  2  dimensional  position  sensitive  (stop)  PPAC.  The  rear 
PPAC  also  provided  a  A E  measurement.  One  can  now  require 
either  that  one  partner  has  fissioned  and  determine  Pj{\  or  that 
both  partners  are  intact  and  determine  PK  .  If  the  nuclear  time 
delays  associated  with  fission  at  a  certain  Q  are  equal  to  those 
encountered  with  no  fission  in  the  exit  channel,  we  expect  to  find 
PlK  '  =  2  Pk'1  ■  This  consistency  requirement  provides  a  valuable 
check  of  the  method.  The  U  K  x-rays  were  detected  by  an  8-mm 
thick  intrinsic  -  Ge  planar  detector  directly  opposite  the  PPAC 
arm  of  the  experiment. 

We  will  present  preliminary  results  and  compare  them  with 
the  findings  of  Stoller  et  at.2 
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Improvements  in  experimental  techniques  of 
preparation  and  detection  of  electronically  excited 
molecules  have  increased  interest  in  their  collision 
pnenomena.  In  an  early  experimental  study,  cross 
sections  for  rovibrational  and  electronic  energy 
transfer  were  measured  for  HD(B  v=3, j =2 ) ,  excited 

by  an  argon  lamp,  in  the  presence  of  He,  iie,  and 
HD(X  ^E*).^  The  He-HD  system  is  small  enougn  to  allow 
an  accurate  quantum  mechanical  treatment  of  both  the 
electronic  and  nuclear  motion.  Progress  made  toward 
understanding  the  collision  processes  of  the  closely 
related  He  +  H^ { B  ^E*)  system  will  De  reported. 

The  potential  energy  surface  (pes)  was  determined 
using  self-consistent  field  plus  configuration  inter¬ 
action  methods.  In  addition  to  interaction  energies 
calculated  using  this  procedure,  energies  calculated 
using  a  similar  method  by  Romelt,  et.  al.  and 
Nicolaides,  et.  al.^  have  been  used  to  construct  the 
pes  employed  in  this  study.  The  long  range  inter¬ 
actions  are  described  by  a  multipole  expansion. 

The  pes  has  several  noteworthy  features.  An 
attractive  interaction,  with  a  minimum  of  -0.03  eV,  is 
found  at  a  He  to  H.,  center-of-mass  separation  of 
-4.0  a.u.,  H^  bond  length  (r)  at  the  equilibrium 
separation  (r  )  of  2.4  a.u.,  and  angle  0  ( R - r )  of 

e  '  i  + 

90  .  An  avoided  crossing  with  the  He  +  H^(B  u  ) 
pes  causes  a  bump  centered  at  R  =  4.0  a.u., 
r  5  2.4  a.u.,  and  e  =  0* .  These  features  combine  to 
make  the  pes  highly  anisotropic  (see  figure  1)  and 
thus  will  strongly  affect  rovibrational  energy 
exchange.  Another  avoided  crossing,  this  one  with  the 
ground  state  (He  ♦  H^ ( X  E*))  pes,  leads  to  a  very  deep 


«  0.4 
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R  (a.u.) 

Figure  1:  Legendre  Coefficients  for  Rigid-Rotator  PES 


(-1.5  eV)  well  centered  at  R  a  1.5  a.u.,  r  s  4.0  a.u., 
e  =  45*.^  This  avoided  crossing  provides  an  explana¬ 
tion  of  the  fluorescence  quenching  observed  in  the 
experimental  study. ^  Overall,  the  pes  for  electron¬ 
ically  excited  He-H^  is  much  more  complex  than  those 
generally  encountered  in  ground  state  studies. 

As  a  first  step  in  the  dynanics  studies, 
cross  sections  for  rotational  excitation  have 
been  calculated  in  the  rigid  rotator  model  using 
the  space-fixed  coupled-channel  formalism  and 
an  analytical  fit  to  the  ab  initio  pes. 

Standard  methods  are  used  to  solve  the  coupled 
equations  for  c.m.  energies  of  0.015-0.165  eV.  In 
this  range  at  least  three  closed  rotational  levels 
must  be  included  to  converge  total  inelastic  cross 
sections  to  three  significant  figures.  Partial  cross 
sections  show  a  high  degree  of  structure  compared  to 
previously  studied  systems  (see  figure  2).  This 
structure  appears  to  be  mainly  due  to  the  change  in 
anisotropy  with  R.  The  magnitudes  of  total  cross 
sections  for  aj  =  *2  transitions  are  comparable  to 
those  for  ion-molecule  systems. 

Computations  of  cross  sections  for  rovibrational 
energy  transfer  are  in  progress  and  will  be  described. 
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EFFICIENCY  OF  (R,T)  ENERGY  TRANSFERS 
IN  He,  Ar  COLLISIONS  WITH  N^  AND  0 ^ 
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Department  of  Chemistry,  University  of  Rome, 
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When  only  rotational  energy  transfers  are  consi¬ 
dered  the  final  cross  sections,  integral  and  differen¬ 
tial,  that  are  obtained  depend  mainly  on  the  anisotro¬ 
pic  part  of  the  corresponding  potential  energy  surface 
(RES)  and  therefore  their  measurements  constitute  a 
primary  source  of  information  on  the  orientational  fea¬ 
tures  of  that  PES.  The  recent  availability  of  such  da- 
1,2 

ta  has  therefore  spurred  a  renewed  interest,  for 
some  of  the  simpler  atom-diatomic  neutral  cases,  in  es¬ 
tablishing  a  specific  link  between  the  energy  distri¬ 
bution  among  the  numerous  rotational  final  channels  and 
the  various  features  of  the  interaction  itself. 

In  the  present  study  we  have  directed  our  attenti¬ 
on  to  the  case  of  weakly  interacting  Van  der  Waals  (VdW) 
molecules,  i.e.  to  the  analysis  of  specific  aspects  of 
the  potential  surfaces  between  a  Nitrogen  molecule  or 
an  '’s-cen  molecule  and  two  of  the  rare  gases.  He  and  Ar. 
The  primary  motivation  for  this  study  came  from  the  ex¬ 
istence,  for  the  above  systems,  of  rather  accurate  mul- 

.  3,4 

tipropertv  analysis  of  their  full  interaction 

t'a  1  cul  at  ions  were  therefore  carried  out,  both  with¬ 
in  the  approximate  coupling  scheme  of  the  Infinite  Or¬ 
der  Sudden  Approximation  (I0SA)  and  with  a  rigorous  in¬ 
clusion  o!  all  the  necessary  open  anc  closed  channels 
1 CU  equations).  Tht  examined  range  of  collision  energies 
wont  iron  the  region  in  which  experiments  are  available 

for  H.'-N  ,  He-**  and  Ar-N  systems  to  values  of  E 

2  2  coll 

tor  whi.b  the  in. pulse  approximation  was  still  deemed 
to  be  :.i\  i  1  tor  i  transitions  as  large  as  JO. 

Figure  1  shows  the  IOS  results  for  He-N.}  and 
Ar-N,  us  •  :ur  t  i  or*  of  i  .  ,  while  Fig.  2  indicates  th.it 


»!;  j  i  b  rotational  rainbows  appear  move 
l  s  tor  Ho-N  when  the*  Ar-N.,  reduced  mass 
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THEORETICAL  STUDIES  OF  THE  BOUND  STATES  AND  SCATTERING  OF  H.-H,  AND 

A  GENERAL  COMPARISON  OF  THE  HD-H2  AND  HD-He  SCATTERING  SYSTEMS. 


Joachim  Schaefer 


Max-Planck-Institut  far  Physik  und  Astrophysik,  Institut  fur  Astrophysik,  8046  Garching,  FRG 


Improved  interaction  potentials  of  and 

HD-H^  (D^)  have  been  determined  based  in  the  previously 
tested  ab  initio  potential  of  (M80) .  Experimental 


results  of  the  second  virial  coefficient  of  ^  have 


been  used  for  evaluating  a  significant  correction  in 
the  attractive  potential  range.  As  a  consequence  of 
this,  the  dimer  binding  energies  became  significantly 
larger.  The  relative  anisotropy  of  the  potential  has 
been  conserved  in  the  fit  procedure  for  maintaining  the 


correct  rotationally  inelastic  features  previously 


The  source  of  the  main  shortcoming  of  the  previous 


10-term  HD-H9  interaction  potential  showing  up  in  too 


(2) 

large  j  *  I  transition  cross  sections  could  be 


removed  simply  by  determining  all  anisotropic  terms  of 
this  potential  involved  in  the  dynamics  in  a  converged 
representation.  Results  of  extensive  close  coupled 
scattering  calculations  and  the  determination  of  various 


'.*>  „>  ,-.v> 


kinds  of  cross  sections  obtained  from  the  new  HD-H- 


potential  contribute  the  main  part  of  thib  paper. 

Several  effective  cross  sections  of  the  HD-He  syste 
will  also  be  shown  for  a  general  comparison  of  Che 


HD-H^  and  HD-He  system. 


References : 


1)  L.  Monchick  and  J.  Schaefer,  J. Chem. Phys.  Ti,  6153 
(1980); 

R.O.  Watts  and  J.  Schaefer,  Mol.Phys.  47,  933  (1982); 
U.  Buck  et.al.,  J .Chem. Phys .  7J3,  4439  (1983); 

W.E.  Kohler  and  J.  Schaefer,  J .Chem. Phys .  78,  4862, 
6602  0  983) 

2)  U.  Buck  et.al.,  J. Chem. Phys.  _74  535  (  1  981  ;• ;  ibid,  78, 
4430  (1983) 


• 

■  -  .  -  .  •  .  f 

viv.v.:; 

tm;  ,  i 


.1 

V  .-.»V  ^ 


s*,-.  - 


‘  --V  V 


/.  .  v 


I 


554 


H108 


VIBRATIONAL- ROTATIONAL  DE- EXCITATION  OF  SiO 
IN  COLLISION  WITH  RIGID-ROTOR  H2 

Ronald  J.  Bieniek 

Department  of  Physics,  University  of  Missouri-Rolla ,  Rolla,  Missouri  65401  USA 


State-to-state  cross  sections  for  vibrational- 
rotational  de-excitation  of  SiO  through  collisions 
with  structureless  H?  have  been  reported.^  These  are 
required  to  understand  the  mechanism  of  the  astro- 
physical  SiO  masers  that  arise  in  the  outer  atmosphere 
of  certain  late-type  stars.  ^  In  the  calculation  of 
cross  sections,  the  SiO  was  treated  as  a  vib-rotor 

within  the  context  of  the  adiabatic,  distorted-wave, 

4,5 

infinite-order  sudden  (ADWIOS)  approximation.  An 
He-SiO  potential  was  used  as  the  electronic  hyper- 
surface.^  This  included  loag-range  interaction  of 
the  polarizability  of  He  with  the  permanent  dipole 
and  quadrupole  moments  of  SiO. 

However,  by  treating  the  as  structureless 
(i.e.,  as  a  "low-mass"  He  atom),  the  possible  long- 
range  effects  of  the  quadrupole  moment  of  H2  were 
neglected.  Because  of  the  large  dipole  moment  of 
SiO,  the  quadrupole-dipole  interaction  can  dominate 
at  long-range.  The  quadrupole-dipole  term  has  now 
been  included  in  a  new  ADWIOS  calculation  of  SiO  + 

H?  collisions  in  which  the  H2  is  treated  as  a  rigid- 
rotor.  The  collisional  energy  is  that  characteristic 
of  a  temperature  of  T  -  2500  K.  Although  the  sudden 
approximation  is  not  accurate  for  the  investigation 
of  rotational  excitation  of  H2  at  this  energy,  it 
can  indicate  the  importance  of  the  quadrupole-dipole 


interaction  in  state-to-state  SiO  cross  sections  if 
the  contributions  from  all  H2  states  are  summed.  This 
issue  is  astrophysically  interesting,  for  changes  of 
less  than  an  order  of  magnitude  in  collisional  cross 
sections  may  significantly  affect  our  understanding 
of  circumstellar  SiO  masers. 

Support  for  this  research  from  the  Research 
Corporation  and  the  University  of  Missouri  is  grate¬ 
fully  acknowledged. 
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ROTATIONAI.  AND  VIBRATIONAL  ENERGY  TRANSFER  IN  ' 'K- VELOCITY  MOLlXt  LAN  ■..•LUSi  ’NS 
Kazuo  Takayanagi,  Takashi  Vada  and  Atsushi  Ichimura 
Institute  of  Space  and  Astronautical  Science,  Komaba  4-6-1,  Meguro-ku,  Tokyo  133  Japan 


The  dipole-dipole  interaction  plays  a  dominant  role 
in  the  collisional  rotational  transitions  of  molecules 
in  polar  gases.  The  relevant  cross  sections  are  usuall 

much  larger  than  the  geometrical  cross  sections  of  the 

1  7 

colliding  molecules.  Recently,  Vohralik  and  Miller" 

have  measured  the  resonant  rotational  energy  transfer 

cross  section  for  HF 

HFOl)  +  HFOO)  -  HF (.1*0 J  +  HF(J-l),  (1) 

’  being  the  rotational  quantum  number.  They  obtained 
a  .  r  *»s  section  of  approximately  300  at  the  mean 
collision  energy  of  0.13  eV.  We  have  applied  the  Pertur¬ 
bed  Rotational  State  approach  to  (l)  in  the  very-low- 
velocity  collisions,  while  the  close-coupling  method 
was  used  for  somewhat  higher  velocities. ^  For  all  these 
calculations  the  straight  classical  trajectories  have 
been  assumed,  so  that  these  methods  are  called  1P-PRS 
and  IP-CC,  respectively.  Outline  of  these  approaches 
has  been  given  in  ref.l,  where  rotational  excitations 
have  been  studied.  We  assume  the  simple  dipole-dipol 
interaction.  Then,  the  energy  transfer  probability  p 
per  collision  is  a  function  of  the  reduced  (dimension- 


impart  parameter  p  -  MiMVB) 


and  the  reduced 


Dj  and  D?  of  the  two  molecules  replaces  D~  in  the  theory 
When  the  ratio  '  of  the  rotational  constants  and  B, 
deviates  from  unity  considerably,  the  transfer  *.ross 
section  becomes  smaller.  Fig.  \  als^  shows  results  for 
'  =  0.9  and  0.3. 

Horwitz  and  Leone*4  have  measured  the  rate  of  near¬ 
resonant  vibrational  energy  transfers  such  as 

H33ci(vi)  +■  h37cho>  *  h3,cko)  +  H37C1(1).  (j) 

The  first-order  perturbation  theory  gives  cross  section 
much  less  than  the  experimental  values.  The  short-range 
forces  may  be  important.  We  suggest  that  the  distortion 
of  the  molecular  rotation  during  collision  mav  he  also 
helpful  to  increase  the  vibrational  energy  transfer  in 
low-velocity  encounters.  We  are  preparing  for  detailed 
calculations  and  hope  to  report  some  results  at  the  confer- 
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velocity  .*  =  'fiv/t.DB>~  ,  where  b  and  v  are  the  impact 
parameter  and  the  collision  velocity,  and  B  and  D  are  the 
rotational  constant  and  the  dipole  moment  of  the  molecule, 
respectively.  Thus,  our  resn  t  can  be  applied  not  on  1 v 
to  HF,  but  also  to  any  other  pair  of  identical  linear 
pdar  molecules. 

In  Fig.  1,  the  calculated  2  pP  as  a  function  of  p 

is  shown  for  =  0.3  (the  curve  *  =  1).  It  is  enpha- 

o 

sized  that  p  *  1  corresponds  to  b  *  9 .  36  A  for  HF. 

In  less  the  reduced  velocity  j  is  higher  than  unity,  the 
main  contribution  to  the  cross  section  comes  from  distavt 
collisions  (far  outside  the  size  of  molecules)  so  that 
the  use  of  the  straight  line  trajectory  and  the  neglect 
' *  all  the  interactions  other  than  the  dipole-dipole 
ru>  are  justified.  The  integrated  cross  section  is  a 
ripidly  decreasing  function  <<{  .  The  calculated  cros- 

•ection  at  0.13  eV  is  somewhat  larger  than  400  A  .  Tlu 
experimental  cross  section"  was  obtained  bv  detecting 
molecules  scattered  into  a  small  solid  angle  in  the 
forward  direction.  Taking  account  of  ambiguities  invol¬ 
ved  in  the  analysis  of  the  experimental  data,  the  theore¬ 
tical  value  is  not  inconsistent  with  the  experimental 


Similar  calculations  are  being  made  for  collision 
of  dissimilar  molecules.  The  product  of  dipole  moments 
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ANISOTROPIC  POTENTIALS  FOR  NO{  *TT)-RARE  GASES  FROM  FIGH-RESOLUTION  TOTAL  DIFFERENTIAL  SCATTERING  CROSS  SECTIONS 

L.Beneventi,  P.Casavecchia ,  and  G.G.Volpi 
Dipartimento  di  C'nimica,  University  di  Perugia,  061C0  Perugia,  ITALY 
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The  anisotropy  of  the  NO(^TT) -rare  gas  (R)  interac¬ 
tion  is  investigated  by  measuring  total  (elastic  +  ine¬ 
lastic)  differential  cross  sections  (DCSs)  at  different 
collision  energies  in  high-resolution  scattering  experi¬ 
ments.  Information  on  the  anisotropy  of  the  potential 
energy  surfaces  (PESs)  is  obtained  from  the  quenching  of 
the  rainbow  and  diffraction  oscillations  in  the  total 
DCS.  Diffraction  oscillations  are  resolved  for  the  first 
time  in  an  atom-molecule  system  not  containing  He  or 
(and  isotopes) . 

The  experiments  are  performed  on  a  newly-built  high 
resolution  crossed  beam  apparatus  by  crossing  two  well 
collimated  supersonic  beams  of  pure  NO  and  rare  gas  and 
detecting  the  in-plane  scattering  by  a  rotatable  UHV 
mass  spectrometer.1  The  beam  velocity  distributions  are 
measured  cy  a  computer  controlled  TOF  system. 

The  most  prominent  features  observed  in  the  total 
DCS  are  a  well  resolved  rainbow  structure  for  NO-Ar,  Kr1 
and  Xe  and  diffraction  pattern  oscillations  for  He-NO, 
while  for  Ne-NO  both  types  of  oscillations  are  seen. 

In  Fig.  1  we  report  the  angular  distribution  I (0)  for 
Ne-NO  obtained  with  both  beams  at  room  temperature. 
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Fig.  1  -  Total  angular  distribution  for  Ne-NO.  The  small 
angle  IB  for  Ne-Ar  is  also  shown  for  compari¬ 
son  .  Curve  (a)  represents  the  small  angle  data 
for  Ne-NO  plotted  as  I(0)-^sin(9  versus  The 
solid  lines  connect  the  data  points. 

The  circles  are  the  average  of  four  angular  scans.  The 
error  bars,  representing  t  ]  standard  deviation,  are 
smaller  than  the  experimental  points  at  angles  <tCJ. 

The  high-frequency  oscillations  superimposed  or.  the  fail- 
off  of  the  main  rainbow  are  resolved.  They  can  be  more 
clearly  localized  by  plotting  the  data  as  !(&)•$•  sin  $ 
versus  $  (see  curve  (a)  in  Fig.  1).  An  experiment  with 
a  liquid  nitrogen  cooled  Ne  beam  is  now  being  carried 


out  to  observe  a  much  more  sizeable  portion  of  the  rain¬ 
bow  and  resolve  even  better  the  diffraction  pattern. 

The  two  possible  quantum  oscillations  observable  in 
the  DCS  appear  considerably  damped  in  atom-molecule  sys¬ 
tems  when  compared  with  those  observed  for  the  correspon¬ 
ding  isotropic  rare  gas-rare  gas  systems.  The  amount  of 
this  damping  can  be  evaluated  accurately,  knowing  the 
damping  due  to  experimental  averaging.  It  has  been  shown 
that  the  damping  of  the  rainbow  and  diffraction  oscilla¬ 
tions  in  the  total  DCS  is  directly  related  to  the  poten¬ 
tial  well  depth  and  minimum  position  anisotropy,  respec¬ 
tively.  ^  In  Fig.  1  we  report  also  the  small  angle  I  (ft 
for  Ne-Ar  measured  under  the  same  experimental  arrange¬ 
ment  as  for  Ne-NO.  A  dramatic  quenching  of  the  diffrac¬ 
tion  structure  can  be  seen  in  the  Ne-NO  case.  The  high 
quality  of  the  data  for  Ne-Ar  (see  for  example  Ref.  3 
for  comparison)  witnesses  the  high-resolution  character¬ 
istics  of  the  present  experiment. 

The  NO-R  collision  can  be  described1  in  terms  of 
elastic  scattering  occurring  separately  on  each  of  the 
two  identical  adiabatic  PES  correlating  with  the  two  mo¬ 
lecular  states  of  NO,  X/2  and  ^7 7*3/9-  Data  analysis 
proceeds  by  using  anisotropic  flexible  potential  forms 

and  calculating  the  total  DCS  within  the  inf imte-order- 
4 

-sudden  (IOS)  approximation  which  is  expected  to  work 
well  for  these  systems  under  the  present  experimental 
conditions.  Alternative  coupling  schemes,  more  rigorous 
than  the  IOS  prescription,  are  also  being  considered. 

Anisotropic  PES  for  NO-Ar  and  NO-Kr  derived  from 
the  best-fit  of  total  DCSs  were  found1  to  be  in  agree¬ 
ment  with  the  results  of  another  experimental  investiga¬ 
tion  with  state  selected  NO."*  NO-Ar  was  found  to  exhibit 
a  larger  (^20%)  anisotropy  than  the  related  O^-Ar  and 
N^-Ar  systems.1  The  results  for  He-NO  will  be  compared 
with  those  recently  obtained  for  the  related  He-N^.O^ 
systems.0  The  variation  of  the  anisotropy  along  the  NO-R 
series  will  be  examined. 
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ENERGY  TRANSFER  IN  COLLISIONS  OF  NH^  AND  (NH^  WITH  HELIUM 
U.  Buck,  H.  Mever,  R.  Schinke 

Max-Planck-lnstitut  fur  Stroinungsforschung,  D3400  Gottingen,  Federal  Republic  of  Germany 


In  a  crossed  molecular  beam  experiment  differen¬ 
tial  energy  Loss  spectra  nave  been  measured  for  NH,-He 
and  (NH,)a-He  by  time-of-f 1 ignt  analysis  of  the  scat¬ 
tered  particles.  The  ammonia  beam  is  produced  by  ex¬ 
panding  an  B  %  mixture  of  NH,  in  He.  By  detecting  NH,- 
monomers  and  dimers  at  different  laboratory  angular 
ranges  we  are  able  to  distinguish  between  these  two 
species  by  their  different  kinematic  behaviour  in  the 
scattering  process.  Therefore,  the  measured  spectra  are 
independent  from  the  fragmentation  during  the  ioniza¬ 
tion  process  and  the  cluster  distribution  in  the  beam. 
Two  typical  spectra  are  shown  in  Fig.  1. 

For  the  monomer  scattering  a  most  probable  energy 
transfer  of  about  2 5  t  of  the  collision  energy  is  ob¬ 
served  in  the  backward  direction.  It  is  completely 
attributed  to  rotational  excitation.  From  these  data,  a 
complete  rigid  rotor  potential  energy  surface  for  NH,- 
He  is  determined  by  combining  large  basis  set  SCF  cal¬ 
culations  with  damped  dispersion  coefficients  and  fit¬ 
ting  two  parameters  of  the  damping  function  by  compari¬ 
son  of  experimental  and  calculated  cross  sections,1  The 
dynamical  calculations  are  performed  in  the  coupled 
states  approximation.  The  results  of  such  a  calculation 


are  shown  in  the  upper  part  of  Fig.  1  by  the  solid 
line. 

The  time-of-fl ight  (TOP)  spectra  for  dimer  scat¬ 
tering  show  a  much  larger  energy  transfer  at  a  colli¬ 
sion  energy  of  1 0B  meV.  A  most  probable  energy  transfer 
of  about  55-60  %  of  the  collision  energy  is  observed  at 
large  center- of-mass  scattering  angles.  To  investigate 
the  origin  of  the  observed  energy  transfer  a  classical 
trajectory  calculation  has  been  performed.2  In  this 
calculation  the  ammonia  dimer  is  treated  as  a  rotat- 
ing-vibrating  diatom  (NH,  is  assumed  to  be  structure¬ 
less!'.  To  construct  the  (NH,)2-He  potential  surface 
spherically  averaged  pair  potentials  are  added.  The 
classical  calculation  predicts  a  maximum  rotational- vi¬ 
brational  energy  transfer  of  about  35  %•  This  calcula¬ 
tion,  shown  as  solid  line  in  the  lower  part  of  Fig.  1, 
is  not  able  to  reproduce  the  measured  data.  The  lack  of 
larger  energy  transfer  is  very  probably  due  to  the 
additional  excitation  of  internal  degrees  of  freedom 
(torsion)  of  a  single  ammonia  molecule  in  the  dimer, 
which  is  not  included  in  the  model  calculations. 
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FIGURE  1  Time-of-flight  spectra  for  the  amonia  monomer 
and  dimer  scattering.  The  positions  of  elas¬ 
tically  scattered  particles  are  indicated  by 
arrows.  Also  marked  are  the  flighttlmes  cor¬ 
responding  to  the  maximum  possible  energy 
transfer  of  each  spectrum. 
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RJTATI DUAL  AND  VIBRATIONAL  EXCITATION  IN  COLLISIONS  OF  La  IONS  WITH  N., ,  CO,  0,,,  AID  CO.,  MOLECULES 


3.  Kita,  T.  Hasegava,  A.  Kohlhase,  and  H.  Inouye 


^search  Institute  for  Scientific  Measurements ,  Tohoku  University,  Katahira-Nichorae ,  Sendai  980,  Japan 


01  f ferer.t ial  scattering  of  Na  ions  in  collisions 


I,  0„,  and  C0o  molecules  was  studied  with  a 


e  res  sod- bo  am  technique  us  i  r:  supersonic  molecular  beams. 


wt.*re  performed  at  laboratory*  collision 


i  3>I  e7,  and  at  scattering  angles 


sf  the  scattered  varticies  was  ana- 


:  y  rt  flight  technique .  Figs.  1  and  2  show 


,-ctra  of  da  ions 


.  =2')0  eV  an. 


.  As  seen 


•etra  for  Na  -NO.  and  !ia  -0.,  contain 


the  cnectrum  for  Na  -Cl  contains  three 


he  sr.ectrur.  for  Ta  -CO,,  is  also  composed  of  three 


•.  Tic:  arrows  N,  C,  and  0  in  the  figures  indicate 


cations  determir 


spectator  mechanism.  The 


'.os uronents  of  the  angular  and  energy  dependences  show 


that  the  energy  losses  in  the  spectra  are  due  to  rota¬ 


tional  and  vibrational  excitation  of  the  mo 


contribution  cf  electronic  excitation  can  bo  neglected 


under  tnese  experimental  conditions. 


In  the  diatomic  cases  of  N,,  CO,  and  0  the  differ¬ 
ential  cross  sections  for  rotational  excitation  were 


•alculated  with  the  hard-shell  model  and  the  uniform 


semi  classical  sudden  approximation.  -  %t£  The  calculations 


show  structures  similar  to  those  found  in  the  experi¬ 
ment,  two  peaks  for  and  D0,  and  three  peaks  for  CO. 
The  teaks  at  AE/E=0  in  the  calculation  are  Jacobian 


peaks,  while  the  others  are  rotational  rainbow  peaks.  The 
calculated  rainbow  positions  agree  well  with  the  locations 
cf  peak  (2)  for  U9  and  Op,  and  of  peaks  (2)  and  (3)  for 
CO.  Therefore  one  can  attribute  the  measured  peaks  (2) 
and  (3)  to  the  rotational  rainbow  effect.  The  rotational 


rainbows  are  caused  by  rotational  excitation  around  the 


Fig.  1.  Energy  loss  spectra  for  Na  and  Na  -CO, 


molecular  orientations  ^  =  53  and  130  .  Where  y ,  defined  at 


the  turning  point  in  the  collision ,  is  the  angle  between 


the  molecular  axis  and  the  vector  from  the  approaching 
ion  to  the  center-of-rcass  of  t.ie  molecule.  The  experi¬ 
mental  peak  (l)  is  located  in  the  vicinity  of  AE/E=Q,  but 
th*’  peak  location  depends  on  the  scattering  angle  and 


the  collision  °nergy.  Classical  trajectory  calculations 


were  performed  to  understand  these  experiments.  The 


result  of  the  calculations  is  that  peak  (l) 


vibrational  excitation  around  the  molecular  orientation 


Also  in  the  Na  -CO^  case  differential  cross  sections 


for  rotational  excitation  were  calculated.  The  computed 


classical  rainbow  position  was  too  far  on  the  high  energy 
loss  side.  A  classical  trajectory  calculation  has  not  yet 
been  performed.  However,  if  one  imagines  the  interaction 
of  the  Ha*  ion  with  only  the  CO  component  of  the  molecule, 
the  main  peaks  (2)  and  (3)  for  Na+-C0o  can  be  well  related 
to  the  peaks  (l)  and  (2)  for  Na+-CC,  respectively. 
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KeV-ENERGY  DIFFERENTIAL  SCATTERING:  CROSS  SECTIONS,  INTERACTION  POTENTIALS  AND  DIFFRACTION 
J.  H.  Newman,  D.  A,  Schafer,  K.  A.  Smith,  and  R.  F.  Stebblngs 
Space  Physics  and  Astronomy  Department,  Rice  University,  Houston,  TX  77251  USA 


Interaction  Potentials 

Measurement  of  accurate  differential  cross 
sections  (DCS's)  for  keV-energy  atomic  and  molecular 
collisions  permits  determination  of  the  Interaction 
potentials  between  the  colliding  particles  by  direct 
Inversion  of  the  DCS  data  using  techniques  described 
by  Smith1  and  others.2  Interaction  potentials  have 
been  computed  from  DCS's  measured  for  the  scattering 
of  0.5  to  5  keV  H,  He,  and  0  atoms  from  He,  H2,  N2, 
and  02  for  laboratory-frame  scattering  angles 
between  0.1°  and  5°. 

100 


\ 


Fig.  1.  Interaction  potentials  for  He-He  colli¬ 
sions.  Present  results  are  from  differential  cross 
section  measurements,  others  are  from  total  cross 
section  data. 

Fig.  1  shows  the  interaction  potential  produced 
by  inversion  of  the  DCS  data  for  He  -  He  scattering, 
along  with  potentials  derived  from  total  cross 
section  measurements. 

Diffraction  Effects 

A  characteristic  of  small-angle  differential 
scattering  cross  sections  plotted  in  reduced  coordi¬ 
nates  (T-E0,  P»  9  8in0  do/dfl)  Is  that  p  for  one 
projectile  energy  agrees  with  that  for  other  ener¬ 
gies  where  the  data  overlap  in  t.  This  behavior  Is 
consistent  with  classical  scattering  from  a  single 
potential  curve.  1  Yet,  in  the  present  data,  there 
are  distinct  regions  where  the  reduced-coordinate 
cross  sections  for  projectiles  of  different  energies 
do  not  agree  with  one  another.  This  disagreement  is 
particularly  pronounced  for  He  -  N2  DCS  shown  in 
Fig.  2.  In  the  region  of  disagreement,  the  struc¬ 
ture  Is  sharper  at  lower  projectile  energies  and 
broader  at  higher  energies,  consistent  with  a  recent 
discussion  of  diffraction  effects  by  Russek. 5  There 
are  several  oscillations  in  the  DCS  data  for  500  eV 
H-atom  collisions  with  N2  (Fig.  3),  but  much  of  this 
structure  disappears  at  higher  energies. 


CM  1.0  10 

r.  ktV  deg 

Fig.  2.  Reduced  cross  sections:  He  +  N2. 

&:  E  500  eV,  O:  E  -  1500  eV,  D  :E  -  5000  eV. 

Kalinin,  Leonas  and  Rodinov^  observed  a  similar 
anomalous  behavior  In  the  reduced  cross  sections  for 
keV-energy  He  collisions  with  N2 ,  which  they 
attributed  to  a  vibrational  “rainbow**  in  scattering 
from  molecules.  The  present  observation  of 
structure  in  the  DCS  for  atomic  hydrogen  scattering 
by  helium  (Fig.  3)  suggests,  however,  that  an 
alternate  explanation  may  be  required. 


*  o°. 

8.*  * >  H  +  N2 


H  +  He  ^  • 


log(  T  ,  keV-dcgs) 

Fig.  3.  500-eV  H  scattering  by  He  and  N2 * 


This  work  was  supported  by  National  Science 
Foundation  under  grant  ATM  8023219  and  by  National 
Aeronautics  and  Space  Adml Ustrat ion  under  grant  NSG 
7386. 

References 

1.  F.  T.  Smith,  R.  P.  March!,  and  K.  G.  Dedrlck, 
Phys.  Rev.,  150,  79  (1966). 

2 .  See  U .  Buck ,  Rev.  Mod.  Phys .  ,  46^,  369  (1974). 

3.  P.  B.  Foreman  and  P.  K.  Rol,  J.  Chem.  Phys.,  61 , 

1658  (1974). 

4.  W.  J.  Savola,  Jr.,  F.  J.  Erlcksen,  and  E. 

Polack,  Phys.  Rev.  A,  7,  932  (1973). 

5.  A.  Russek,  P^ys.  Rev.  X,  20 ,  113  (1979). 

6.  A.  P.  Kalinin,  V.  B.  Leonas,  and  I.  D.  Rodlnov, 

Sov.  Phys.  Doklady ,  28,  39,  1983. 


- «  *•  A 
•  •  *  *  ■ «  h 

•  .‘'-‘j 


~  ,  *■ « ' 
-  .’-V-V-V. 
v  v  . 

: --'V\ 


,-.vw  ---■ 


*d  "*«  •*.  ***•*«, 

,  •„  •.  -  -  v 


nm 


>  -  A.'- 


v **• 

•A-.*  v  - 


BREAKDOWN  OF  ENERGY-LOSS  SCALING  IN  Ne  +  D.  COLLISIONS 


Ralph  Snyder  and  Arnold  Russek 

Department  of  Fhysics,  University  of  Connecticut , Storrs ,  CT  06268,  USA 


In  many  atom-molecule  collisions  the  most  proba¬ 
ble  enerqy  loss,  f,  is  a  function  only  of  the  reduced 
scattering  angle,  t  =  E  G.  with  no  other  dependence 
on  the  projectile  energy,  E.  The  qualitative  pre¬ 
diction  of  this  scaling  property  was  first  made  by' 
Sigmund1,  and  it  has  been  verified  experimentally  in 
sevei  al  collision  systems*  3.  In  our  earlier  work3-4 
we  made  quantitative  calculations  of  the  specific 
functional  dependence  of  f  upon  t  for  He  ♦  D?  colli¬ 
sions,  using  ab  initio  SCF  potential  surfaces  and  the 
impulse  approximation.  In  this  paper  we  present  the 
results  of  more  elaborate  calculations  of  f(t)  which 
do  not  invoke  the  impulse  approximation  and  which 
show  the  manner  m  which  energy-loss  scaling  breaks 
down . 

As  described  in  the  earlier  work  of  Refs.  3  and 
4  we  use  classical  mechanics  to  calculate  the  energy 
loss  and  the  scattering  angle  in  a  sampling  of  both 
impact  positions  and  molecular  orientation  angles, 
and  we  can  assemble  from  those  values  the  doubly 
differential  and  the  singly  differential  cross  sec¬ 
tions  and  the  most-probable-f  versus  t  curves. 
Unlike  that  earlier  work  however,  we  now  discard  the 
impulse  approximation  (which  leads  to  scaling)  and 
instead  numerically  integrate  the  equations  of  motion 
for  each  impact  configuration  at  each  projectile 
er.erqy,  E.  In  this  paper  we  discuss  Ne  +  Di  colli¬ 
sions,  for  which  a  semi-empirical  energy  surface 
derived  from  low  t  data  was  available4. 

The  fiqure  shows  our  results  for  most-probable-f 
versus  t  at  projectile  enerqies  of  1  and  2  kev.  At 
low  t  these  results  match  the  scaled  results  of  the 
impulse  calculations.  The  salient  manifestation  of 
scaling  breakdown  is  that  there  is  now  a  maximum 
attainable  value  of  t  at  each  projectile  energy 
( npproximtely  7.0  and  12.5  keV-degrees  for  E  =  1  and 
2  ;-oV  r*cr. *■  7  v*  1  v  *  Th*»  of  that  maximum  f 
is  important  and  can  be  qualitatively  explained  in 
that  vet v  large  scattering  angles  can  only  occur  in 
collisions  in  which  the  projectile  has  a  close 
encounter  with  one  of  the  target  atoms.  Such  a  col¬ 
lision  resembles  a  two-body  atom-atom  collision  for 
which  kinematics  determines  an  enerqy-independent 
maximum  scattering  angle  0  =  sin*1  2/20.  This  sug¬ 
gests  a  breakdown  of  the  scaling  near  reduced  scat¬ 
tering  angle  t  =  E  0  -  5.7  keV- degrees  for  E  =  1  keV 


and  near  t  =  11.4  keV-deqrees  for  E  =  2  keV.  These 
values  are  approximately,  but  of  course  not  pre¬ 
cisely,  in  agreement  with  those  of  the  figure:  the 
actual  adiabatic  molecular-scattering  energy  surface 
remains  three-body  in  nature,  and  this  two-body  argu¬ 
ment  is  only  an  instructive,  zero-order  approxima¬ 
tion.  In  fact,  we  believe  that  the  comparison 
between  the  simple,  two-body  kinematical  result  and 
the  full  atom-molecule  results  (theoretical  and 
experimental)  may  become  a  fruitful  new  tool  for  ana¬ 
lyzing  such  collisions.  The  difference  between  them 
may  provide  another  sensitive  probe  of  three-body 
contributions  to  the  energy  surfaces,  diagnostically 
similar  to  the  ’breakaway'  region  where  the  energy 
loss  first  departs  significantly  from  pure  elastic¬ 
ity. 

This  work  was  supported  by  the  National  Science 
Foundation. 
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A'CLE  ROTATIOrALLY  I ‘.HAS TIC  SCATTERING 


F'ERGY  ’J. 


SCALING  re? 


:s'^al  way.  If  the  scaling  relationship  of  eq  1  were 

true,  we  would  exrect  "AT  .  to  be  the  same  for  various 
rot 

combinations  of  F  and  f  whose  product  is  a  particular 
value  of  -  .  This  was  indeed  found  to  be  the  case. 

Though  at  first  this  result  may  seem  somewhat 
surer  is  i nr,  it  is  ir.  fact  a  logical  extension  of  earlier 
theoretical  wcrV.  Smith'  has  shown  that  under  the 
conditions  considered  here  the  reduced  deflection  angle 
t=Ea  is  cr.lv  a  function  of  the  impact  parameter  b. 

Thus  one  set  of  i~mact  parameters  rives  scattering  at 
reduced  angle  *  irrespective  of  the  collision  energy  E. 
7c  the  extent  that  CFST  is  valid,  the  ccllisicn  may  be 
described  bv  calcuatir.c  the  impulse  delivered  to  the 
me lecule  as  the  projectile  moves  along  a  straight  line 
trajectory.  The  impact  tarameter  is  the  distance  of 
closest  apzroac)~.  or.  this  trajectory;  it  is  also  the 
"crer.t  art  of  the  torque  acting  on  the  molecule.  Thus 
the  degree  cf  rotational  excitation  at  a  given  value  of 
b,  and  equivalently  for  a  given  value  of  t  ,  will  be 
trcpcrtional  tc-  the  impulse  delivered.  For  higher 
energies  (faster  velocities)  the  impulse  will  be  smaller 
and  the  consequent  rotational  energy  transfer  will  also 
he  smaller,  while  at  lower  energies  a  larger  impulse 


A  STUDY  OF  LOW  keV  ENERGY  Li  +  3  COLLISIONS 

V.  Heckman,  S.J.  Martin,  J.  Jakacky,  Jr.,  and  E.  Pollack 
Department  of  Physics,  University  of  Connecticut,  Storrs,  CT  06268 


We  have  recently  completed  a  study  of  He  +D_ 

1  ^ 

collisions  at  low  keV  energies.  Emphasis  was  placed 
on  the  quasi-elastic  channel  since  it  yields  informa¬ 
tion  on  the  ground  state  potential  energy  surface.  In 
our  current  invest igation  we  find  significant  differ¬ 
ences  in  the  collisional  behavior  of  Li*-*^  when  com¬ 
pared  to  the  iso-electronic  He^+D^  case. 

The  experimental  arrangement!  is  basically  the 
same  as  that  used  in  our  study.  The  apparatus 

was  modified  by  replacing  the  glow  discharge  source 
with  a  s-eucriptite  ^Li*  ion  emitter,  resulting  in  a 
narrower  energy  spread  in  the  beam.  Energy  analysis 

of  the  scattered  Li*  is  made  with  an  electrostatic 
2 

energy  analyzer  having  a  resolution  of  0.5  eV  per 
1000  eV.  In  our  Li*  studies,  the  scattering  angle  is 
computed  from  the  measured  energy  loss  in  the  elastic 
channel  using  He  target  gas.  D2  gas  is  then  leaked 
into  the  scattering  cell  and  the  energy  loss  of  the 
scattered  Li*  is  measured  at  the  known  angle. 

Electronically  elastic  scattering  is  found  to  be 
the  dominant  direct  collision  process  in  Li  in  the 

-.3  keV  deg  ranee  studied.  Weak  electronically  in¬ 
elastic  channels  are  seen  at  excitation  energies 
12.3  eV .  This  behavior  is  in  sharp  contrast  with  the 
He()+D,  case  where  electronically  inelastic  processes 
dominate  the  collision  for  2.0  keV  deg.  The  measured 

energy  loss  (E)  of  the  scattered  Li*  beam  is  plotted 

2  + 

as  a  function  of  E*  at  3.0  keV  in  Fig.  1.  The  Li  +D0 

c "liision  at  this  energy  is  seen  to  be  elastic  for 
K  *■•0.5  keV  deg".  The  vibro-rotat tonal  excitation 
(•.  1  i«,  the  difference  between  the  measured  \E  and  the 


•  u  +02  / 

4  -  30  M  jf 

2  - 


2  4  6 

EG2  (  keV  deg2} 


FIG  1  Measured  energv  loss  for  the  quasi-elastic 
channe l . 


energy  loss  (T)  for  a  purely  elastic  collision.  The 

quantity  f = 1  /  2  ( 1+Q/T)  when  plotted  vs  F  is  particular- 
1,  3  4 

ly  significant.  To  date  we  have  determined  the 

f  vs  E-  behavior  in  Li*0,  at  an  energy  of  3.0  keV. 

The  results  of  our  measurements,  are  shown  in  Fig.  2. 


E  9  (  keV  deg ) 


~Jr  2  f  vs  E’  for  Li  +!>.,.  The  solid  curve  represents 
the  results  for  Hew+rb  af  energies  of  1.0,  1.5,  md 
2 . 0  keV . 


The  solid  curve  represent^  the  results  for  He  ,  at 
energies  of  L.0,  1.5,  and  2.0  keV.  The  Li  O  ,  colli¬ 
sions  are  seen  to  break  away  from  Che  elastic  limit  a 
•=1.0  keV  deg,  in  contrast  to  the  =  2.25  keV  deg  f •m 
for  He  +DV  The  f  values  then  rise  slowlv  to  a  ''late 
at  about  0.68  which  lies  below  the  corresponding  valu 
for  He  +0^.  Another  finding  of  particulir  interest  i 
that  at  small  angles  the  scattered  Li  spectra  from  ' 
and  the  purely  elastic  spectra  of  Li  *He  are  almost 
identical  showing  that  there  is  little  if  anv  vibro- 
rotat ional  excitation.  Additional  results  will  be 
presented . 
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ION  ENERGY-LOSS  SPECTROSCOPY  IN  THE  COLLISIONS  0?  Ar  (fcP  ■  WITH 


Tcmohisa  Nakamura,  Nobuo  Kcbayashi  and  Yczaburo  Kaneko 
l-e  partner,  t  of  ?r.y  si  cs ,  Tokyo  Metropolitan  University,  Setagaya-xu,  Tokyo  15S,  Japan 


:  ;r.  energy-* 053  spectroscopy 


:r.  collision* 


ar-  or:  d ..  c  e  d  by  the  electron  impact  at 
t.c  •extracted  frrrr.  the  source  contain  **?; 


-  -ates  wit.  r.-  statistical  ratio,  * : 
ear  is  mass-  ar.i  energy-selected,  then  is 


noamh^r.  Alter  massing 


er  i.r.s  are  energy-ana*;/ cec. 
c  re  ■  t  rue.  for  *  3 JoeV  Ar 


’  r. e  a.* C‘T  tar.  *e  a 


tr.e  ar.a.yz-  r  was 


Nine  structure  transitions 


iffer-r.*  s* a* -s  f  Ar  .  ,  II  vibrational 
r.s  f  H  .  r..-le.*ules  w*re  cr served.  In  addition 
III  varied  transitions  of  fine  structure 
r.s  a:.:  vie rational  excitations  were  found, 
.e-uses  .1.,  II  and  III  are  represented  as 
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determined  free:  tr.e  peak  height  ratio  of  the  inelastic 
peax  to  the  primary  bean  above  333eV,  The  measured  cross 
sections  are  shown  in  Fig.  2.  Below  253eV,  however,  the 
profile  of  the  scattered  ions  was  a  little  broader  than 
that  of  the  primary  bear.  Therefore  the  cross  sections 
below  oleV  must  be  considered  as  partial  cross 
seniors  fur  scattering  within  the  aeceptar.ee  angle  of 
the  analyser,  +0.*;  ar.i  they  are  supposed  t;  he  fairly 
scalier  than  the  true  values. 

The  de-excitation  cross  section  z ,‘2+3/Z ,  is  twice 


tr.e  excitation  cross  section  :.?/2-» 


:r.  accordance 


reservation  angle  with  ie'.ailed  balance.  The  cross  sections  of  other 


transitions  decrease  with  the  increase  :f  the  energy-loss. 
It  was  f  - i  that  the  cross  sections  fZ+'/Z) 

[  *  i  and  1  / 2-*}/ Z ;  v-J-*-1  '■  are  almost  independent 

or.  the  ion  energy  above  330eV,  or.  the  contrary,  the  cross 
sections  of  other  transitions  increase  with  the  increase 


c:  i  or.  energy. 
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of  the  primary  l on  near 


i  t:.e  scattering  icns  were  teas  ir^d.  .ne  angular 
file  :f  the  scattered  ions  was  found  to  be  almost  th*3 
:e  as  that  of  primary  beam  above  300eV.  Therefore,  the 
.e^ral  cross  sections  for  each  transitions  can  be 
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ION  ENERGY-LOSS  SPECTROSCOPY  FOR  VIBRATIONAL  TRANSITIONS 
IN  THE  COLLISIONS  WITH  tie,  Ar  ANT  Kr 


Tomohisa  Nakamura,  Nobuo  Kobayashi  and  Yozafcuro  Kar.eko 
Department  of  Physics,  Tokyo  Metropolitan  University,  Setagaya-ku,  Tokyo  158,  Japan 


The  vibrational  excitations  and  de-excitations  of 
in  collisions  with  Ar  and  Ne  were  studied  by  means  of 
:»h  resolution  ion  er.ergy-loss  spectroscopy  ' . 

The  ions  are  produced  by  electron  impact 
tizatior.  of  N-  gas  at  15GeV.  They  are  mass-  and  energy 
lectwd,  and  injected  into  the  collision  chamber.  The 
at  re  red  ior.s  are,  then,  energy  analyzed.  It  takes  more 
ar.  Louse c  for  Nt  ions  from  the  ion  source  to  the 
illsior.  chamber.  The  excited  states,  Whose  life  time 
shorter  than  26usec.  should  almost  decay  to  the  ground 
ate  before  entering  the  collision  chamber. 

Typical  energy-loss  spectra  of  scattered  N?  cons 
cm  Ne,  Ar  ar.d  Kr  are  shown  in  Fig.  1.  The  collision 
srgy  was  3*2eV  ar.d  -he  observation  angle  was  0  , 
e  intensity  of  the  primary  beam  and  the  target  gas 
assure  were  fixed.  Ir.  the  case  of  Ar  and  Kr  target, 

0  energy-loss  and  er.ergy-gain  peaks  were  observed  at 
out  uE=^245ae7.  With  the  experimental  results  of 

sty  et  al.^  by  using  of  phctofragment  spectrscopy  ar.d 
h  i 

e  calculation  of  Taylor'  ,  tr.ese  transitions  were 
entifiea  as  the  vibrational  excitation  and 
-excitation  ir.  the  ground  state  cf  N~  'X  I  ; 

3  -  * :  X 1  r  s  v  ♦  Ar.Kr  Z  3- X  ♦  Ar,  Kr. 

•i=0,  •  ani 


loss  spe:!ra. 


'  I  A  Ar 


_ '  ¥A 


-600  -400  -200  0  200  400  600 

Energy  Loss  ( meV) 


In  addition  to  that,  the  energy-loss  ar.d  er.ergy-gair. 
peaks  were  observed  at  about  60ceV.  These 

transitions  were  observed  more  clearly  in  the  case  of  Ne 
target.  In  this  case,  The  er.ergy-loss  ar.d  energy-gain 
pea/cs  were  observed  at  about  AS=+1 60neV  and  +323r.eV. 

These  AE*s  suggest  that  the  peaks  correspond  to  the 
transitions  of  one  ar.d  two  vibrational  quanta.  Taylor 

has  indicated  theoretically  that  the  energy  defects  of 
2  + .  * 

v=3-4 >  4-5  and  5-6  of  N-  a''7’;  are  1c7.3,  -fcjJ.j  and 
158.8meV,  respectively,  ar.d  those  of  v=3-5  and  a-6  are 
331*1  and  3*22. IceV,  respectively.  Therefore  tne  observed 
peaks  were  identified  as 

'a  r;v;  +  Ne  ^  a  or  <  ■  ♦ 


From,  the  results,  it  was  concluded  that  tne  present 
.  ....  *  ' 

*2  o or.  ceam.  involves  a--  state  an  t.-.is  state  must 
be  metastable  with  a  life  time  longer  tr.ar.  louse c  . 


shcuua  ce  r..te 


d  that  these  c: 11 : s i  :r.- induced 


dependent  or.  tne  target  species.  With  Ar  ar.d  Y.r  target, 
transitions  ir.  X  _  state  were  oomir.ar.t  while  Ne  target 
only  *n_se  of  a'"  state  were  ccscrved.  Tne  reason  of  suer, 
a  remarkable  i is- inct  i  on  is  r.ot  Kr.owr.  at  present. 
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COLL  IS  IONAL  qUENCHINC  AND  ENERGY  TRANSFER  OF  NS  B2n 


Jay  B.  Jeffries,  David  R.  Crosley,  and  Gregory  P.  Smith 
Chemical  Physics  Laboratory,  SRI  Ihternat ional ,  Menlo  Park,  CA  94025 


Measurements  have  been  made  of  rate  constants  for 

2 

collisional  quenching  and  energy  transfer  in  the  B  f! 
state  of  the  NS  radical,  for  a  variety  of  collision 
partners.  NS  was  chosen  for  the  study  because  it  i9  an 
open-shell  radical  species  containing  two  heavy  atoms, 
and  in  the  ground  state  possesses  a  large  dipole  moment 
(1.8D). 

The  NTS  was  produced  in  a  low  pressure  flow  system 
at  room  temperature,  by  adding  a  trace  of  SC?.-)  down¬ 
stream  from  a  microwave  discharge  of  N2  in  He.  All 
quencher  gases  were  added  further  downstream  and  the 
experiments  were  performed  at  room  temperature. 
Frequency-doubled ,  Raman-shifted  radiation  from  a 
pulsed  (10  ns)  tunable  dye  laser  was  used  to  excite  the 
radicals  to  Individual  J  levels  within  v'*0-12  of  the 
B~state*.  For  these  collisional  studies,  the  fluore¬ 
scence  was  spectrally  resolved  with  a  0.35  m  spectre- 
meter  and  temporarily  resolved  with  a  100  MHz  transient 
digitizer.  Pressures  of  added  gas  were  measured  with  a 
Baratron. 

Overall  decay  rates  have  been  measured  by  the  time 
dependence  of  the  emission  for  several  collision  part¬ 
ners  (He ,  ,V2,  % ,  Sf6,  N20,  H2,  NH3,  CH4 ,  CC^ ,  H2). 
Except  for  NH-j ,  the  quenching  cross  sections  Oq  are 
small,  <10  i2.  This  is  ouch  less  than  those  for  CH 

(which  also  has  a  large  dipole  moment)  with  many  of  the 
2  3 

same  collision  partners  ».  For  CH,  a  reasonable 
correlation  of  Oq  could  be  obtained  using  a  simple 
picture  involving  raultipole  interactions  between  CH  and 
the  collision  partner^*^.  Such  interactions  should  be 
comparable  for  NS,  but  the  quenching  appears  to  proceed 
by  a  different  mechanism. 

The  fluorescence  decay  rate  from  the  B2!  state  as 
a  function  of  pressure  of  added  nitrogen  Is  shown  in 
Figure  1  for  v'*0  (squares),  v**l  (diamonds),  and  v*»6 
(triangles).  The  total  collisional  decay  rate  constant 
ts  given  by  the  slopes  of  the  lines.  It  is  composed  of 
both  quenching  from  B2~  and  vibrational  relaxation 
within  th-  B1-  ;  manifold.  The  intercept  is  the  radia¬ 
tive  decay  rate  ( 1  * )  plus  a  small  (-  0.2  us  ^) 

collisional  loss  contribution  from  the  carrier  flow 
tube  pressure  of  l  torr. 

The  total  decay  rate  constant  Is  larger  in 
v'»l  than  in  v'*0  for  all  gases  studied.  However,  k^ 
for  v’*b  is  smaller  than  that  in  v’*l  for  N2 ,  SF^,  N20 
and  CO2  *  but  larger  for  H2,  Oj  and  He.  This  unusual 
collision-partner-specific  vibrational  level  dependence 


of  the  cq  cannot  be  simply  explained  on  the  basis  on 
known  perturbations  in  B2H,  and  may  provide  detailed 
information  on  the  dynamics  and  state-mixing  respon¬ 
sible  for  electronic  quenching. 

Fluorescence  scans  show  that  for  the  partners  N2 , 
C^,  N20  and  SF^,  vibrational  transfer 

constitutes  about  20-25Z  of  the  total  v* ■  1  decay,  and 
that  Oq(v*-1)=2oq(v'-0) . 

This  study  was  supported  by  the  Basic  Energy 
Sciences  Division  of  the  Department  of  Energy. 
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qUENCHDiC  OF  SHU3”!)  AT  l WOK 

Nancy  L.  Garland,  Jay  B.  Jeffries,  Richard  A,  Copeland,  Gregory  P.  Smith  and  David  R.  Crosley 
Chemical  Physics  Laboratory,  SRI  International,  Menlo  Park,  California  94025 


The  role  of  attractive  forces  in  the  collisional 

4uenching  of  electronically  excited  states  of  open- 

shell  radicals  is  a  question  of  recent  interest.  For 

OH,  experimental  quenching  cross  sections  Oq  for  a 

variety  of  partners  have  been  compared  with  theoretical 

i  o 

calculations  involving  multipole  interactions,  * 

3  4 

indicating  that  attractive  forces  *  are  important 
here.  On  the  other  hand,  results  for  NS  (having  a 
dipole  moment  similar  to  that  of  CK)  do  not  show  such  a 
correlation.^  Purther  evidence  could  be  found  in  the 
temperature  dependence  of  jq,  which  for  attractive 
forces  would  be  expected  to  decrease  with  increasing 
T.  This  is  the  case  for  OH,*  but  direct  measurements 
exist  for  no  other  open-shell  diatomics.  We  report 
here  measurements  of  Jq  for  NH  at  high  T,  in  at  attempt 
to  address  these  questions. 

The  measurements  are  made  using  a  laser  pyroly¬ 
sis/  laser  fluorescence  technique.*'®  A  slowly  flowing 
mixture  of  SF^  (ir  absorber),  CF^  (bath  gas),  NH3 
(radical  precursor)  and  quencher  is  irradiated  by  a 
pulsed  CO2  laser.  This  rapidly  heats  it  to  selected 
temperatures  up  to  1400K,  as  measured  by  excitation 
scans  furnishing  rotational  distributions  in  the  NH 
ground  state.  A  few  F-atoms  are  formed  by  thermal 
dissociation  of  the  SF^;  these  react  with  the  NH3  to 
form  NH.  A  pulsed  (10ns),  frequency-doubled  tunable 
dye  laser  excites  fluorescence  in  the  NH.  Transient 
digitizer  measurements  of  the  real-time  decay  rate  as  a 
function  of  added  quencher  gas  furnish  Jq.  The  inter¬ 
cept  yields  the  radiative  rate,  in  good  agreement  with 
flow  tube  laser-induced  fluorescence  measurements.7 

The  pressure  of  SF^  and  CF4  is  typically  13  torr. 
We  found  these  gases  to  be  poor  quenchers  of  excited 
NH,  ensuring  rotational  thermalizat ion  in  A3"^  as  was 
the  case  for  excited  0H.^  Thus  the  measured  Zq  is  that 
for  a  rotational  distribution  peaking  near  N’“5.  This 
is  important  because  room  temperature  measurements  show 
that  jq  depends  on  S'  for  CH,‘  and  there  Is  some 
evidence®  that  this  is  true  for  NH  as  well. 

The  results  for  NH-j  and  CO  quenchers  at  T*1400»50K 
are  given  in  the  table.  The  values  are  large,  of  the 
order  of  gas  kinetic,  which  suggests  immediately  that 
attractive  forces  are  involved  in  the  quenching  of  this 
diatomic  hydride.  The  ratio  of  the  Jq's  for  these  two 
gases  is  about  3.5,  similar  to  Che  ratio  for  and 

CO*  in  OH,  which  has  multipole  moments  like  those  of 


NH.  The  values  themselves  are  also  similar,  and  are 
listed  for  comparison  in  the  table. 

Q 

Recently,  zq  for  NH  has  been  measured  at  room 
temperature,  using  the  decay  of  emission  following 
pulsed  uv  laser  photolysis  of  NH3  which  forms  the  radi“ 
cal  directly  in  the  A3~.t  state.  The  results  of  Ref.  8 
are  also  included  in  the  table.  A  comparison  would 
indicate  that  for  NHj,  jq  decreases  with  temperature. 
In  accordance  with  expectations  for  attractive  colli¬ 
sions,  but  for  CO  the  opposite  is  the  case.  Note  how¬ 
ever,  that  the  room  temperature  values  represent 
quenching  from  a  very  hot  rotational  distribution 
(N*max*8-12)  formed  in  the  photolysis.  In  AH,  jq 
decreased  more  rapidly  with  increasing  N1  for  CO  than 
for  NH-j  as  a  collision  partner^.  If  this  were  true  for 
NH  as  well,  it  would  account  for  at  least  some  of  the 
discrepancy. 

Measurements  with  further  colliders  are  In  pro¬ 
gress,  as  well  as  measurements  in  a  room  temperature 
discharge  flow  system. 

This  research  was  supported  by  the  Basic  Energy 
Sciences  Division  of  the  Department  of  Energy, 
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COLL  IS  IONAL  QUENCHING  OF  A 2£+  OH  BETWEEN  230  AND  310K 


Richard  A.  Copeland  and  David  R.  Crosley 
Molecular  Physics  Department,  SRI  International,  Menlo  Park,  California  94025 


Measurements  have  been  made  of  the  temperature 

dependence  of  the  velocity  averaged  cross  section  Oq 

2  + 

for  collisional  quenching  of  the  v'*0  level  of  the  A  Z 
electronically  excited  state  of  the  OH  radical.  For 
all  quenchers  examined  (CO2,  ^2  an(*  we 

observed  that  Jq  increases  as  the  temperature  is 
decreased.  This  result  is  in  accord  with  a  picture  of 
the  collisional  encounter  involving  attractive  forces, 
and  has  irapl ications  for  the  use  of  laser-induced  fluo¬ 
rescence  as  a  monitor  of  OH  in  practical  systems  such 
as  flames  and  the  atmosphere. 

The  cross  sections  are  extracted  from  the  collider 
gas  concentration  dependence  of  the  time  decay  of 
laser-induced  fluorescence  of  the  OH.  Excitation  is 
via  a  f requency-doubled ,  tunable,  pulsed  dye  laser. 
The  OH  is  produced  in  a  discharge  flow  cell  in  a  back¬ 
ground  gas  pressure  of  8  to  10  Torr  Ar;  quencher  gas  is 
adaed  in  amounts  up  to  about  200  mTorr.  The  fluores¬ 
cence  is  detected  with  an  unfiltered  photomultiplier 
and  captured  with  a  100  MHz  transient  digitizer 
connected  to  a  laboratory  computer. 

The  cell  is  cooled  by  packing  it  in  dry  ice  sur¬ 
rounded  by  styrofoam  Insulation.  The  rotational 
temperature  of  the  OH  in  the  observation  region  is 
measured  by  computer-controlled  excitation  scans  across 
selected  rotational  lines  of  the  (0,0)  band  of  the 
A-X  transition.  Temperatures  as  low  as  230K  have  been 
obtained.  The  translational  and  rotational  tempera¬ 

tures  should  be  nearly  equal  under  the  cell  conditions. 

The  background  pressure  of  Ar  is  necessary  to 
thermailze  the  OH  in  the  ground  state,  and  provide 
rotatLonal  relaxation  in  the  upper  electronic  state. 
Previous  measurements  *  ^  have  shown  that  Oq  depends  on 
rotational  quantum  number  in  the  excited  state.  Here, 
the  presence  of  the  Ar  bath  ensures  that  we  measure 
quenching  from  a  thermal  distribution  of  rotational 
levels. 

The  results  for  four  collider  gases  are  shown  in 
the  accompanying  table.  Quoted  error  bars  are  at  the 
I'Z  level.  In  each  case  ^  Increases  significantly  as 
the  temperature  is  lowered. 

A  model  incorporat tng  attractive  forces  between 
the  excited  OH  and  the  collision  partner  exhibits  a 
similar  qualitative  temperature  variation.  In  this 
picture^ a  collision  complex  is  formed  due  to 
multipole  interactions  (OH  has  a  large  dipole  moment) 


and  then  dissociates  Into  either  the  ground  or  excited 
state.  oq  would  then  be  composed  of  a  cross  section 
for  complex  formation  (which  can  be  calculated  from 
known  multipole  moments  of  OH  and  the  collision 
partner)  and  a  probability  for  £-n  state  mixing  during 
the  lifetime  of  the  complex.  Previous  comparisons  at 
room  temperature^  and  1100K^  of  experimental  and  calcu¬ 
lated  Oq  showed  reasonable  correlation  for  many 
gases.  However,  quenching  by  N2  had  a  much  smaller  Oq 
than  expected  from  such  calculations. 

For  the  four  gases  studied  here,  Oq  is  expected  to 
increase  ~10%  in  going  from  300  to  230  K,  according  to 
the  multipole  model  calculation.  In  each  case,  the 
increase  is  actually  larger,  and  particularly  so  In  the 
case  of  the  N2»  Here,  effects  of  the  relatively  poor 
E-H  mixing  may  be  enhanced  by  the  increased  collision 
duration  which  occurs  at  lower  temperatures.  Interest¬ 
ingly,  N2  also  shows  a  larger  decrease  in  Oq,  compared 
with  other  colliders,  in  going  from  room  temperature  to 

hook4. 
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QUASI -RESONANT  COLLISIONAL  ELECTRONIC  TO  ROTATIONAL 
ENERGY  TRANSFER  AT  THERMAL  ENERGIES 

J.  Cuvellier,  L-  Petitjean,  J.M.  Mestdagh,  D.  Paillard 
and  P.  de  Pujo 

Service  de  Physique  des  Atomes  et  des  Surfaces,  CEN/SACI.AY 
91 191  Gif-sur-Yvet te  Cedex,  France 


We  have  studied  the  electronic  energy  transfer  in¬ 
duced  by  atomic  or  molecular  collisions  't  thermal  ener¬ 
gies,  for  a  lowly  excited  atomic  state  (Rb(7s)),  sear¬ 
ching  for  the  occurence  of  a  quasi-resonant  electronic 
to  rotational  energy  transfer.  We  have  considered  the 
particular  inelastic  transfer 
Kb  (7S)  ♦  X  — •»  Rb(5D)  ♦  X  with  X-II-,  l>2 ,  He  (I) 

which  can  lead,  for  1L,  to  the  quasi-resonant  process 

Rb(7S)  *  Il2  (J-l)  —»Rb(5D).  &  K-2  I  cm'1  (2) 

Three  perturbers  have  been  studied  in  order  to  com¬ 
pare  situation  where  quasi-resonances  can  occur  (Rb-H^ 
collisions)  with  situations  where  quas i -resonances  do 
not  exist  (Rb-Dj  and  Rb-He  collisions),  the  Rh(7S  -  SU ) 
splitting  being  fi08  cm  *. 

We  have  measured  the  cross  section  of  process  (1) 
as  a  function  of  the  collision  energy  by  using  a  cross 
beam  experiment*.  This  experiment  allows  the  measurement 
of  absolute  cross  sections  and  also  the  determination 
of  the  molecular  rotational  distribution.  This  work 
constitutes  the  first  detailed  study  of  quasi  resonant 

energy  transfer  for  intermediate  excited  states,  when 
2 

Her  tel  and  his  group  have  reported  studies  of  electro¬ 
nic  to  vibrational  and  rotational  energy  transfer  invol¬ 
ving  large  energy  defect.  Measured  cross  sections  are 
presented  i**  figure  l.  The  energy  dependence  of  the 
cross  sections  is  almost  identical  for  the  three  pcr- 
lurbers  for  collision  energy  larger  than  0.  If*  ev.  Howe- 


a  quite  different  behaviour  than  those  reported  for  1*, 
and  He.  We  have  checked  that  the  cross  sections  remain 
only  weakly  dependent  upon  the  rotational  temperature 
in  the  considered  range. 

The  cros  ;ection  for  Rb(7S — *50) -He  collisions 
has  been  calculated  within  the  frame  of  a  Landau-Zenci 
approach  using  potential  energy  curve  calculated  by 
ihiscale-*.  A  fai  r  agreement  is  found  with  expe/i  •  .ental 
data  (fig. 1).  For  we  have  recently  proposed  a  model 
describing  the  experimental  data  where  the  interim  i  l  i- 
plet  transition  is  due  to  Landau-Zener  coupling  between 
slightly  modified  "Rb-He"  like  potential  curves*.  This 
result  show  that  act  like  a  s t rue tu re- l ess  particle. 

For  H^  the  different  behavior  with  collision  ener 
gy  lias  been  attributed  to  the  occurence  of  process  (2). 
We  have  compared  in  figure  2  the  experimental  data,  di¬ 


vided  by  the  corresponding  J-l  rotational  population 
(n(Jal)*#  0.7),  to  the  predictions  of  the  impulse  appro¬ 
ximation  ( I A ) .  This  approach  has  been  shown  particular¬ 
ly  reliable  to  describe  Rydberg  s ta tes-mo 1 ecule  colli¬ 
sions'*.  One  can  notice  that  the  IA  gives  the  good  energy 
dependence  of  the  cross  section  in  the  energy  range 
0. 02-0. 12  eV.  For  higher  energies  acts  like  a  struc¬ 
ture-less  particle  as  and  He.  This  clearly  supports 
our  description  of  the  Rb (  7$  — *5D) -H^  collision  :  this 
collision  is  dominated  at  low  energy  by  the  quasi-reso¬ 
nant  process  (2).  This  study  constitutes  the  first  ex¬ 
perimental  eviJence  of  the  occurence  of  efficient 
quasi  resonant  energy  transfer  for  low  atomic  state 
whose  cross  section  can  reach  values  as  much  as  200  A? 
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(  Fig. I  -  Cross-sec¬ 
tions  for  the 
Rh(7S  M>)  collisio- 
na I  transition.  So l i d 
lines  result  f  rom 
j  Landau-Zener  calcula¬ 
tion. 
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F i g . 2  -  Comparison 
between  the  impulse  ap¬ 
proximation  and  Mir  rx- 
peri mental  data  divided 
hv  the  eor responding  J»l 
rotat  i  populat  ion  . 
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PSEUDOPOTENTIAL  MOLECULAR-STRUCTURE  CALCULATIONS 
OF  ALKALI-H9  SYSTEMS 

F.  Rossi  and  J.  Pascals 

Service  de  Physique  des  Atones  et  des  Surfaces  -CEN/SACLAY 
91191  Gif-sur-Yvette  Cedex,  France 


In  order  to  obtain  the  ground-state  and  numerous  ex¬ 
cited  states  of  aikali-H9  systems  we  have  extended  the 
t  -dependent  pseudopotential  approach  previously  develo¬ 
ped  for  alkali-tie  interactions  /l/.  In  our  approach,  we 
have  fixed  the  H-H  distance  to  1.4  a.u.  corresponding  to 
the  ground  state  of  H9  in  its  first  vibrational  level. 

The  pseudopotential  interaction  for  e"-!^  consists 
.’f  long  -range  and  short-range  terms.  The  long-range 
interaction  is  relatively  well-known  111  and  contains 
j r.  anisotropic  part  limited  to  terms  in  P2(cos0'),  where 
<£  is  the  angle  ''etween  the  direction  H-H  and  the  vector 
position  of  e”  relative  to  the  center  of  mass  of  H2 . 

Then  the  short-range  interaction  is  defined  by  generali¬ 
zing  the  isotropic  /.-dependent  pseudopotential  for  e~“He 
/I  and  by  introducing  an  anisotropic  part  : 


4,  P.  Botschwina  et  al.,  J.  Chem.  Phys.  75,  5438  (1981). 


’  C-w  M--? 


rn| 


denotes  an  anti  commutator ; 


is  an  operator 


defined  eslP  |  r>  =>P,(cos^)  I  r>  .  As  in  ref.  / 1  /  Caus- 

2  v 

si  an- type  forms  of  the  potentials  Vp  (r)  were  fitted 
to  available  experimental  data  for  e~-H2  elastic  scatte¬ 
ring  / 3 / .  For  lack  of  experimental  data  concerning  the 
anisotropic  short-range  part  of  the  alkali  core  -H9  in¬ 
teraction  we  have  determined  this  interaction  by  a  sta¬ 
tionary  perturbative  method;  it  uses  a  simple  LCAO  wave 
function  for  H.,  and  pseudo-potent ia Is  for  the  interac¬ 
tions  between  the  alkali  core  and  an  electron  (proton). 
Three-body  terms  were  also  included  in  the  calculations 
in  order  to  have  the  correct  behavior  of  the  alkali-^ 
interaction  at  large  distances. 

The  electronic  energies  were  determined  by  standard 
variational  calculations  using  a  large  basis  set  of 
Slater-type  orbitals  centered  on  the  alkali  core.  The 

C  and  C,  s vmme t r i e s  were  considered,  but  the  same 
ODV  1 V 

method  can  be  used  for  the  symmetry. 

Our  calculations  agree  well  with  recent  ”ab  initio” 
data  as  illustrated  in  Figs.  1-2  for  Na-H9/4/. 
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Fie.  1  -  Potential  curves  for  Na-Hj  in  C  v  symmetry 

_ ,  present  results;  X,  ab  initio  calcula¬ 
tions  (RHF-SCF)  of  Do t sc’.w ilia  ct  al./4,  corre- 
lated  assymptotical I y  to  the  experimental  levels. 
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Fig.  2  -  Potential  curves  for  Xa-H^  in  C~v  symmetry.  As 
in  Fig. 1 .  The  full  circles  are  the  best  ab 
initio  calculations  (PNO-CEPA)  of  Botschwina 
et  al .  /4/ . 
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energy  DEPENDENCE  OF  ANGLE  RESOLVED  vi&rgcati dually  lllllst: 
W.P.  Moskowitz,  B.  Stewart,*  J.L.  .<ir.se y,*  and  " .  r. . 
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*Dept .  of  Chemistry,  M.I.T.,  Cambridge,  MA  22139  USA 
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We  have  measured  the  energy  dependence  c-f  angle 
resolved  cross  sections  for  the  vifcrotaticnally  inelas¬ 
tic  process 

Nan(X^I  ,  v  -  J,  j  =  7)  +  Ar  - 
-  g 

Da,  (X,v*Lv,  3 ■*•.!■})  +  Ar 

using  crossed  reams  and  our  ADDS  Doppler  technique^  to 
determine  the  scattering  angle.  The  rotational  rainbow 
ir.  the  angular  distribution,  observed  in  previous 
vibraticnally  inelastic  studies*  is  retained.  The 
dvier.der.ee  cf  its  angular  position  on  JLj  and  collision 
energy  is  well  represented  by  a  simplistic  classical 
hard  ellipse  model.  Suppression  of  lew  angle  scattering 
is  observed  fer  small  rotational  inelasticities,  as 
: redict cd.J 
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iking  qua si- resonant  V-F. 
rationally  inelastic  process 


be th  lr.  levtl-spccif ic  rate 
>r.ver.ticr.ai  LIT  technique,  and 
is  sections  determined  i y  our 
;.-.e  central  feature  of  this 
ikir.g  in  the  ~ _  distribution  as 
>n  of  t . .  -a*  is  giver,  ry 
ctive  of  the  sign  :r  magnitude 
.o  about  ?:•»  conversion  of 


energy;  for  this  reason  we 
;a si- resonant  V-R  transfer. 


;ar.ts  k 

v .  :  -v_  ' ,  vs.  for 
1  1  f  f  f  ^ 

=  -1  for  - .  =  14,  26,  and  44. 

'  l 

s  rate  constant  data  include: 

and  Xe ,  the  snare  of  the 
.butior.  is  identical  within 

only  induces  the  resonant 
reases  the  rate  constants 
:.at  rotational ly  summed 
::  rav  .on  it ants  itcreas- 


•  For  Iv  2,  the  cross  section  decreases  as  1/v 

rel 

for  all  g^. 
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FIGURE  2.  Velocity  derer.der.ee  of  cross  section  vs. 

->  for  v  =  9,  -  =  42;  Iv  =  -1. 

'f  i  'i 

•  As  can  be  seer,  in  the  above  figure,  the  width  of 

the  cuasi-resonant  oeak  decreases  as  v  ,  decreases; 

rel 

this  increase-  ir.  specificity  is  ever,  more  pronounced 

* 

in  Li^-Ne  collisions. 

Classical  trajectory  calculations  performed  recently  in 
cur  laboratory  hav-_  sr.owr.  a  strong  correlation  between 
gr  ar.d  hv,  which  ir.  turn  gives  rise  to  behavior  like 
that  seen  m  our  experiments. 
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DISSOCIATIVE  ELECTRON  CAPTURE  OF 


I.  Alvarez,  C.  Cisneros,  J.  de  Urquijo,  A.  Morales  and  H.  Martinez 


Instituto  de  Fisica,  UNAM,  04515,  Mexico,  D.F. 


In  this  paper  we  present  angular  distributions  of 


Figure  1  shows  the  experimental  results  plotted 


H“  formed  by  dissociative  electron  capture  of  H*  from 


according  to  (1)  for  Mg  and  Ar,  respectively.  In  the 


case  of  Mg  as  a  target  we  have  observed  three  maxima 


and  for  scattering  angles  from  -4°  to  4°.  Absolute 


corresDonding  to  E,  values  of  4.0,  7.2  and  12.1  eV , 
d 


values  for  the  angular  distributions  were  obtained  with 


whereas  in  the  case  of  Ar  a  richer  structure  was  ob- 


the  apparatus  previously  described  . 


The  measured  distributions  are  discussed  in  terms 


and  12.3  eV.  Frevious  data  obtained  for  dissociation 


of  a  theory  for  fragment  angular  distributions  produced 


of  Dt  on  Cs  show  a  very  sharD  Deak  at  E,  >■  7.2  eV, 
2  *  *  d 


by  molecular  dossociation.  From  very  general  assump¬ 
tions,  a  scaling  law  was  derived,^ 


which  corresponds  to  the  same  center  of  mass  energy  of 


the  sharp  peak  observed  by  Peterson  and  Baez  in  their 


energy  distribution  measurements  of  D-  arising  from 


D  +  *  Cs. 


The  dissociation  energies  of  about  4  eV  for  Mg  and 


where  dc_/dfi  is  the  differential  cross  section  for 


7.2  eV  for  Cs,  are  very  close  to  those  obtained  by 


finding  a  negative  ion  at  laboratory  angle  and  is 
the  incident  ion  energy. 

Using  the  fact  that  the  dissociation  energies  are 
small  compared  with  the  incident  molecular  ion  beam 
velocities,  the  relationship  between  the  differential 
solid  angle  in  center  of  mass-frame  and  laboratory 
frame  is  derived  as: 


de  Bruijn  et  al  in  their  studies  of  dissociative 


charge  exchange  of  H*  with  the  same  targets.  An 


interpretation  based  on  transitions  from  different 


electronic  states  may  be  very  similar  to  that  given  by 
de  Bruijn. 
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NEGATIVE  ION  FORMATION  IN  POLAR  DISSOCIATION  OF  H3 

C.  Cisneros,*  I.  Alvarez,*  J.  de  Urquijo,*  H.  Martinez^ 
and  T.J.  Morgan 


4  Instituto  de  Fisica,  UNAM  Mexico  D.F.  04515 
Wesleyan  University,  Middletown  Ct.  06547 


Most  of  the  theoretical  development  and  all  the 
experiments  involving  threshold  phenomena  have  been 
carried  out  for  cases  where  the  final  products  are  two 
electrons  and  positive  ion. 

A  heavy -particle  analog  to  the  threshold  ion¬ 
ization  process  e“+He  -  He"  -*  He*+2e”  is  the  reaction 

1,2+  +  *  +_♦ 

system  H  +H^  "*  (H^)  -*  H  +H  +H  .  One  problem  in 

studying  the  threshold  region  from  reactions  such  as 

H  is  that  the  collision  dynamics  may  restrict  the 
♦  * 

available  (H^)  state  and  the  three-body  break-up  of 
interest  not  to  take  place  with  a  sufficiently  large 
crass  section  so  as  to  be  observed. 

An  alternative  method  for  obtaining  near-threshold 

dynamics  of  massive  three  particle  systems  is  to  start 

+  +  + 

wi-.n  tae  tn**ee  particle  ion  ,  HD^  or  m  this  case, 
and  coll isionally  excite  it  to  levels  which  decay  to 

+  _  t  ♦  ♦  +  «  + 

-he  ionic  states  H  +H  +H  ,  H  +D  +D  ,  D  +H  +D  or 

+  4- 

D  -*-D"+D  ,  respectively. 

We  present  here  the  first  absolute  measurements  of 

b^-h  -otal  and  di  '^erential  cross  spctions  **or  oolar 

,  ♦  ♦  ♦ 
dissociation  of  tne  triatonuc  ions  HD^  and  in 

the  energy  range  0.33  to  1.61  keV/amu  using  a  He 

target  .  Since  electron  promotion  is  much  more  likely 

to  occur  than  charge  transfer  at  these  energies,  the 

detected  H"  or  C“  is  interpreted  to  originate  from 

polar  dissociation. 


Figure  ?  shows  absolute  differential  cross 

_  +  +  * 
sections  mersured  for  H  and  D“  from  H^,  HD^  and  D^. 

Figure  2  shows  a  comparison  between  D"  arising  from  D* 

dissociation  in  He  and  Cs.  As  it  can  be  observed, 

there  is  a  striking  difference  due  most  probably  to 

the  fact  that  in  the  first  case  most  of  the  ions 

formed  in  the  collision  result  from  the  three  body 

polar  dissociation,  whereas  in  the  second  case  the 

4 

ions  are  formed  mainly  by  electron  capture 

Center  of  mass  energy  distributions  for  the 
negative  ions  obtained  by  translational  spectroscopy 
are  also  reported  and  show  that  the  negative  ions  are 
formed  with  very  small  center  of  mass  energy. 

Further  measurements  of  the  center  of  mass 
velocity  of  the  three  particles  and  their  angular 
correlations  would  provide  a  good  test  for  the 
generalized  description  of  the  three-particle  Coulomb 
interaction . 

Research  partially  supported  by  CONACyT,  grant 
PCCBBEL'  01022  38 
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FIGURE  1 


Absolute  differential  cross  sections 


EXCITATION  AND  DISSOCIATION  MECHANISMS 
IN  3.22  KEV  H2+  -  SE  COLLISIONS  * 

O.  Yenen  and  D.  H.  Jaecks 

Behlen  Laboratory  of  Physics,  The  University  of  Nebraska, 
Lincoln,  NE  68588-0111  USA 


The  qaasid  i  atomic  generalization  of 
L t ch t en- Ba r a t  MO  correlation  rules  to 
atom-molecule  systems  is  further  tested  by  the 
polarization  analysis  of  radiation  in 
coincidence  with  H+  scattered  to  specific 
laboratory  angles  for  3.22  keV  H2  +  on  Ne.  The 
least  squares  fit  of  the  data  to  a  general 
dipole  intensity  pattern,  shown  in  Fig. I,  is 
radically  different  than  that  obtained  by 
using  a  He  target '  where  the  polarization 
pattern  was  perfectly  aligned  in  the  beam 
direction.  For  the  Ne  target,  at  $=“3.2°,  the 
H2+  intenuclear  axis  is  nearly  pe  rpend  icula  r 
to  the  beam  and  the  electron  wavefunction  has 
the  alignment  of  2pQ. 

The  ground  state  of  H2+  being  nearly 
spherical  and  its  excited  wa ve f unc t ions  atomic 
in  character,  one  can  attempt  to  construct  a 
q u as l d i a t ora l c  correlation  diagram  by 
conserving  the  number  of  radial  nodes  to 
describe  the  approximate  nodal  character  and 
behavior  of  the  electronic  wavefunction  during 
the  dlabatic  collision  (Fig. 2).  During  the 
collision,  due  to  the  high  asymmetry  of  H->-Ne 
system,  some  amplitude  from  3dqO"  is  drained 


•  f- 


0  =  3.0°  0=3.2° 


off  to  3sqtr,  3pqo"»  3pqn  »  and  4sqo".  Since  3pqo* 

is  the  only  q  u  a  s  l  d  i  a  t  ora  i  c  orbital  ending  on 

H2 ,  2  so“  of  H2  can  be  very  efficiently 

populated  and  subsequently  dissociate  Into 
H  (  2  s  ,  2  p  Q  )  +H+’ .  The  remaining  amplitude  will  be 
promoted  to  3dqn  by  rotational  coupling  and 
will  end  on  either  2po~  or  2pn  depending  upon 
H2+  orientation.  Our  Interpretation  is 
consistent  with  the  earlier  measurement  of  the 
2s  and  2p  production  ratio  by  D.H. Jaecks  and 

E . Tynan  .  ^ 
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FORMATION  OF  He°  AND  He"*  MOLECULES  BY  CHARGE  EXCHANGE  COLLISIONS 
OF  He*  IONS  IN  THE  SUB-MeV  REGION 

0.  Haber,  I.  Ben- Itzhak,  I.  Gertner,  A.  Mann  and  B.  Rosner 
Department  of  Physics,  Technion,  Haifa  32000,  Israel 

Six  dissociation  and  two  charge-exchange  channels  area  of  the  detector  due  to  the  repulsive  interaction 

populated  by  single  collisions  of  He*  molecular  ions  have  between  them.  To  take  advantage  of  this  spatially 
been  studied  at  00  and  S00  keV.  In  Figure  1  we  present 
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FIGURE  1 

the  relative  fractions  of  the  observed  dissociation 
channels  as  functions  of  the  Ar  target  gas  pressure 
for  -  41?  keV.  At  low  pressures  each  fraction  has 

a  value”corresponding  to  the  relative  probability  for 
that  channel  under  a  single  collision  condition.  At 
higher  pressures  each  fraction  tends  to  a  constant  value 
which  depends  on  the  loss  and  capture  cross-sections  of 
atomic  helium  at  half  the  beam  energy.  The  fraction  of 
the  undissociated  incoming  He*  beam  is  also  shown  in  the 
figure . 

The  separation  of  the  counts  in  the  full  energy  peak 
into  the  (2He°)  and  (ile^)  channels,  as  well  as  the 
separation  between  the  (2He*)  and  (He^*)  was  done  by  the 
grid  method.  The  method  is  based  on  the  different  pro¬ 
bability  for  the  passage  of  a  single  undissociated 
molecule  through  a  grid  as  compared  with  the  probability 

that  both  fragments  of  a  dissociated  molecule  will  do 

o 

the  same.  The  relative  fraction  of  the  (tteg)  and  (He”  ) 
channels  are  smaller  by  more  than  an  order  of  magnitude 
compared  with  the  relative  fraction  of  the  (2He°)  and 
(2Jle*)  channels.  However,  it  is  possible  to  amplify  the 
relative  intensity  of  the  generally  weak  molecular  chan¬ 
nels.  This  can  be  done  because  all  undissociated  mol¬ 
ecules  are  expected  to  reach  the  center  of  the  detector, 
whereas  pairs  of  the  two- fragments  channel  cover  a  large 


4  8  12  16  20 

6AS  PRESSURE  (MICRONS) 


FIGURE  2 

different  behaviour,  a  variable  circular  iris  aperture 
was  placed  in  front  of  the  detectors.  The  aperture 
could  be  varied  from  a  maximum  diameter  corresponding  to 
the  full  size  of  the  detector  to  a  minimum  value  of  1  mm. 

2+  t 

In  Figure  2  the  separation  of  the  (He.,  )  and  (2He  ) 
channels  hv  the  grid  method  as  a  function  of  the  .Ar  gas 
pressure  obtained  with  the  smallest  setting  of  the  iris 
aperture  is  clearly  seen. 

The  table  summarizes  the  experimental  results. 


Charge  exchange 

Relative  fractions 

400  keV 

800  keV 

u  0 

He 

0.27  t  O.OOS 

0.010  4  0.002 

^2* 

P.002  4  0.002 

0.015  1  0.002 

Dissociation  1 

channels  , 

2He° 

0.217  t  .005 

0.068  4  0.009 

He0  He* 

0.438  4  0.006 

0.330  1  0.013 

2He* 

0.274  4  0.005 

0.445  i  0.010 

He°  He^* 

0.028  ±  0.002  ' 

0.072  1  0.004 

He*  He^* 

0.014  ♦  0.003 

0.059  1  0.004 

2He2* 

0.001  t  0.001 

0.002  4  0.001 
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-  INDUCED  LUMINESCENCE  STUDIES  ON  CF4  BY  He+,  Ne*  AND  AR  +  IMPACT 
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Excitation  processes  in  the  collisions 
of  He+,  Ne+  and  Ar+  with  CF4  have  been  ob¬ 
served  in  the  energy  range  1  -  1800  ev  la¬ 
boratory  frame  and  the  wavelength  region  2000  - 

O 

8000  A.  Absolute  cross  sections  dependent  on 
energy  are  measured. 

The  following  processes  lead  to  the  emission 
of  light: 

a)  Excitation  of  neutral  molecular  fragments 

X+  +  CF4  -*  X  +  CF2*  +  F2  + 

-  X  +  CF*  +  F  +  F2+ 

Emission  bands  of  CF.,  between  2400  and  3300  A 
(the  transitions  levels  are  unknown)  and  CF 
between  2200  and  2600  A  (A2;;  -  X22  /1, 2/  are 

observed. 

In  collisions  of  Ar+  with  CF4  both  band  systems 
are  not  excited. 

b)  Excitation  of  atomic  and  ionic  carbon  and 

fluorine  lines 

+  * 

X  +  CF.  -*  X  +  C  ♦  fragments 

■  X  +  C  *  fragments 
+  * 

-*■  X  +  F  I-  fragments 

c)  Projectile  excitation 

X*  «■  CF,  -  X+*  +  CF. 

4  4  + 

This  process  is  observed  for  Ne  and  Ar*,  but 
not  for  He+. 

d)  Neutralized  projectile  excitation 

+  * 

X  +  CF4  -  X  +  fragments 
(CF4*  not  being  a  stable  ion) 

Fig.  1  shows  spectra  of  He+,  Ne+  and  Ar*  -  CF4 
at  a  laboratory  energy  of  1800  eV.  Atomic  and 
ionic  lines  are  superimposed  on  the  CF2  and 
CF  bands. 

The  energy  dependence  of  the  cross  sections 
shows  a  somewhat  similar  behavior  for  all 
processes:  a  threshold  near  the  endoergicity 
is  observed,  then  the  cross  section  rises  to  a 
broad  peak  around  800  eV. 
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Fig.  1:  Spectrum  of  He*,  Ne*  and  Ar*  -  CF^  at  a 
laboratory  energy  of  1800  eV 
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DISSOCIATIVE  IONISATION  OF  HYDROGEN  BY  FAST  PHOTONS 
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Studies  of  the  dissociative  ionisation  of  hydrogen 
by  electrons*  and  photons^  show  that,  in  addition  to 
normal  repulsive  states,  autoionising  states  can  make 
an  important  contribution  to  the  production  of 
energetic  H*  ions.  However,  in  the  case  of  collisions 
between  H+  and  H2  .  where  dissociative  ionisation  can 
proceed  either  with  or  without  electron  capture,  such 
states  have  not  been  observed^.  Energetic  fragment 
protons  were  only  found  to  have  energies  between  7  and 
9  eV  and  were  all  accounted  for  by  Frank-Condon 
transitions  to  the  two  states,  2pou  and  the  repulsive 
B+  +  H+ . 

Ve  have  investigated  the  energy  distribution  of 
fragment  protons  produced  in  the  dissociative 
ionisation  of  hydrogen  by  2-25  keV  protons.  The  proton 
beam  was  crossed  by  a  hydrogen  gas  jet  and  the 
secondary  ions  produced  at  a  prescribed  angle  were 
energy  analysed  Casing  a  parallel  plate  energy 
analyser)  and  mass  analysed  (by  time  of  flight). 

The  energy  spectra  of  the  H*  ions  (figure  1) 
consist  of  two  broad  composite  features  at  around  6  and 
9  eV.  A  computer  fit  of  the  theoretical  H+  energy 
distributions,  obtained  using  the  reflection 
approximation  and  the  potential  energy  curvet  of 
hydrogen4  shows  that  the  observed  energetic  protons 
must  arise  from  at  least  four  repulsive  states.  The 
lower  energy  group  consists  of  protons  arising  from 
excitation  to  both  the  2pnn  and  2s®j  states  of  Hj* 
while  the  higher  energy  group  comes  from  the  2pou  and 
the  H +  +  H+  states.  At  S  keV  protons  are  produced 
mainly  through  the  2pna  and  2»ag  states  in 
approximately  equal  amounts  while  at  23  keV  all  four 
states  contribute  significantly.  It  should  be  noted 
that  the  computer  fits  are  very  poor  in  the  region  2.5 
-  5.0  eV  where  protons  from  autoionising  states  should 
appear  if  produced.  Thus  although  clear  evidence  for 
the  excitation  of  these  states  is  not  apparent  it  seems 
likely  that  they  too  must  also  be  added  to  the  list  of 
states  which  make  significant  contribution  to  the 
dissociative  ionisation  process  in  H+  +  B2  collisions. 
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Figure  1  :  Energy  spectra,  of  protoas  produced  at  90° 
in  5  keV  (upper)  aad  25  keV  (lover)  B*  *  Bj  collisions. 
The  solid  curves  are  •  theoretical  fit  to  the  data. 
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ELECTRONIC  EXCITATION  TRANSFER,  COLLISIONAL  DISSOCIATION  AND 
PHOTODISSOCIATION  IN  SOD  I  I'M  VAPOUR. 
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Electronic  excitation  of  diatomic  alkali  mcf  C  i 
by  means  of  laser  light  may  lead  to  {Ltciruc  resonance 
radiation  (D^  -,-lines).  An  experiment  is  presented  in 
which  various  processes,  contributing  to  this  phenome¬ 
non  are  separated  and  studied. 

In  the  present  experiment  Na,  molecules  are  irra¬ 
diated  by  light  from  an  Ar  -laser  j“  4765A  ,  which  can 
excite  molecules  from  some  specific  vibrat ion-rotat ion 
(v.J)-levels  of  the  ground  state  to  the  excited  B- 
state^.  The  laser  is  single-mode  and  its  frequency 
is  tuned  to  the  transition  from  (v,J)  *  (0.28)  in 

XX  to  (6  ’7)  in  B*n  .  Diatomic  sodium  molecules  oc- 
g  u 

cur  as  a  small  fraction  in  sodium  vapour.  In  the  ex¬ 
periment  the  vapour  is  mixed  with  a  large  fraction  of 
noble  gas. 

Under  these  circumstances  atomic  radiation  may  be 
caused  by  the  following  processes: 

1°  transfer  of  electronic  excitation.  When  the  mole- 

-9 

cule  during  its  excited  lifetime  (~  7x10  s)  colli¬ 
des  with  a  Na  atom,  this  may  result  in  a  transfer 
of  electronic  excitation: 

Na,(B  'f!  ,  v'  }+Na(  3s)  -*>  Na  ,(X'£+,  v"  ,  JM)+Sa(  3p) 

J  u  2  g 

25  collisional  dissociation.  When  the  excited  molecule 
collides,  this  may  also  cause  dissociation: 

Na-,(B’nu,  v\Jf)  +  X  — Na(3s)  +  Na(ip)  +  X 
Here  the  collision  partner  is  arbitrary,  but  the 
energy  balance  of  the  reaction  is  such,  that  a  large 
quantity  of  collisional  energy  is  needed. 

3°  photo  dissociation 

Na.,  +  hv  — *NaUs)  +  Na(3p) 

For  the  given  laserf requencv  this  is  energetically 
possible  for  groundstate  molecules  in  vibrational 
levels  with  v  17. 

4°  different  types  of  two-photon  excitation.  These  are 
only  important  at  laser  intensities  higher  than  tho¬ 
se  used  in  our  experiment. 

The  relative  importance  of  the  processes  l3,  2  7 
and  3°  depends  on  the  density  and  temperature  of  the 
gas:  As  the  density  is  lower,  the  number  of  collisions 
is  smaller  and  the  importance  of  1°  and  2°  decreases. 

In  the  limit  of  zero  pressure  (or  in  molecular  beams) 
only  photodissociation  occurs,  but  at  high  densities 
the  combined  effect  of  1°  and  2°  is  dominant.  When  the 
fCmpe XOJt.u’te  is  lowered,  the  contributions  of  2°  and  3° 
are  expected  to  diminish  drastically;  at  low  tempera¬ 


tures  there  are  few  collisions  with  enough  kinetic  ener¬ 
gy  to  induce  dissociation  (2°)  and  there  are  also  few 
molecules  with  enough  vibrational  energy  to  allow  photo¬ 
dissociation  (3°).  Electronic  excitation  transfer  (1°), 
however,  is  expected  to  be  only  weakly  dependent  on  tem¬ 
perature. 

Ihe  processes  have  been  studied  for  various  alkali 
systems  (e.g.  refs,  J.-»,  see  also  ret.  3  ).  Photodisso¬ 
ciation  is  studied  preferablv  in  a  molecular  beam  set-up. 
The  other  processes  are  mostly  studied  in  a  vapour  cell. 

These  cell  measurements  are  nandicaped  by  conflic¬ 
ting  requirements:  the  density  should  be  low  to  minimize 
radiation  trapping,  while  it  should  be  \  igh  for  the 
photodissociation  to  he  negligible  compared  to  the  colli¬ 
sional  processes.  Further  the  accessible  range  of  tempe¬ 
ratures  is  limited:  At  a  given  density  the  vapour  cannot 
be  cooled  below  its  saturation  temperature,  while  heating 
reduces  the  Na-,  fraction.  These  restrictions  complicate 
the  analysis  and  make  it  difficult  to  distinguish  the 
various  contributions.  Therefore  we  conducted  such  ex¬ 
periments  in  a  free  jet  expansion,  which  has  the  follo¬ 
wing  advantages: 

-  the  very  strong  fcgivo:  density  evolution  in  the  jet  al¬ 
lows  the  observation  of  the  transition  from  a  colli¬ 
sional  region  (where  1°  and  2J  are  dominant)  to  a  free 
molecular  region  (where  only  3°  occurs).  During  this 
transition  the  Na  ,  fraction  remains  constant. 

-  for  each  position  in  the  expansion  the  excitation  me¬ 
chanism  of  the  Na  ,  molecules  1  makes  it  possible  to 
separate  the  contributions  of  <i s  ♦  2  ° )  and  3°  via  their 
different  dependence  v^n  the  laser  intensive. 

-  the  strong  t*:-.  w  temperature  evolution  in  the  jet  and 
the  possibility  t  vary  the  "stagnat ion"-pressures  of 
the  noble  gas  ind  o:  the  Sodium  allows  us  to  distin¬ 
guish  the  com  r  ib.it  :  ons  of  i  and  2  . 

-  the  effect  >'  radiation  trapping  is  minimized  in  a  free 
jet. 

At  the  Conference  the  method  will  explained  in  more 
detail  and  the  :ir<t  results  will  be  shown. 
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TOTAL  AND  PARTIAL  DIFFERENTIAL  CROSS  SECTIONS  FOR  THE  PROCESSES: 
K.Cs  *02(v=0)  -  K*,Cs*.  02"(v’) 


M.R.  Spalburg,  M.G.M.  Vervaat,  A.W.  Kleyn  and  J.  Los 


FOM-lnstitute  for  Atomic  and  Molecular  Physics,  Amsterdam,  The  Netherlands 


lon-puir  forming  collisions  between  atoms  and  molecules 
can  give  a  considerable  insight  into  the  vibronic  exci¬ 
tation.  We  present  total  differential  cross  sections 
measured  without  any  selection  of  the  final  vibrational 
state  of  the  molecular  ion  and  partial  differential 
cross  sections  which  show  only  alkali  ions  from  colli¬ 
sions  which  leave  the  molecular  ion  in  a  vibrational 
state  v’>3.  The  division  between  0?  (v*  «0)  and 

(v* >  3)  is  possible  because  this  molecular  ion  auto- 
ionizes  rapidly  after  the  collision  for  v*>3.  The  par¬ 
tial  differential  cross  sections  are  accumulated  by 
measuring  the  scattered  alkali  ion  in  (delayed)  coinci¬ 
dence  with  the  electrons  emitted  when  the  molecular  ion 
autoionizes . 

In  figure  1  an  example  of  experimental  total  and  partial 
differential  cross  sections  is  shown.  Both  cross  sections 
feature  an  (ionic)  rainbow  around  the  reduced  scattering 
angle  's»160  eV®.  The  shoulder  present  on  the  left  side 
of  the  ionic  rainbow  is  due  to  the  vibrational  motion 
of  the  molecular  ion  during  the  collision.  It  is  remark¬ 
able  that  the  shoulder  is  much  less  intense  in  the  par¬ 
tial  differential  cross  section.  In  addition  the  position 
of  the  ionic  rainbow  is  shifted  to  smaller  scattering 
angles  in  the  partial  differential  cross  section. 

in  figure  2  an  example  of  theoretical  total  and  partial 
differential  cross  sections  is  shown.  The  cross  sections 
are  calculated  using  the  semi-classical  Vibronic  Impact 
Parameter  model  /!/.  The  model  is  extended  to  allow  to 
calculate  differential  cross  sections.  The  extension  is 
based  on  the  evolution  of  the  (eikonal)  phases  of  the 
vibronic  waves  '2/.  Clearly  this  model  is  capable  to 
reproduce  the  vibronic  effects. 

The  absence  of  the  shoulder  in  the  partial  cross  sections 
is  attributed  to  the  following  facts: 

f)  The  influence  of  the  vibrational  motion  of  the  molecu¬ 
lar  ion  on  the  cross  section  arises  from  interference 
between  ionic  vibronic  waves.  These  waves  are  created 
in  a  coherent  fashion  at  the  beginning  of  the  colli¬ 
sion.  At  the  end  of  the  collision  the  waves  mix  and 
interfere.  The  mixing  prefers  transitions  with 
■v’  — 1  111 . 


2)  The  ionic  vibronic  state  v'*4  dominates  the  partial 
differential  cross  section.  The  higher  states  are,  due 
to  several  reasons,  much  less  populated  than  the  state 
with  v'=4. 

Consequently,  as  there  are  no  states  significantly  popu¬ 
lated  above  v'=4,  the  partial  differential  cross  section 
lacks  interference  effects  related  to  the  vibrational 
motion  of  the  molecular  ion.  The  shift  in  the  position 
of  the  ionic  rainbow  is  due  to  the  fact  that  the  coulomb 
forces  are  switched  on  later  in  the  collision  for  higher 
vibrational  states  than  for  the  lower  ones. 

Fig,  t. 

Total  (co[|  and  par¬ 
tial  (bottom)experi- 
mental  differential 
cross  sections  for 
ion-pair  formation 
in  K  ♦  02  collisions. 

;  The  curves  are  scaled 
and  shifted  in  verti¬ 
cal  direction  for  the 
sake  of  clarity. 

100  150  200 
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Fig.  2. 

Total  (top)  and  par¬ 
tial  (bottom)  theore¬ 
tical  differential 
cross  sections  for 
ion-pair  formation  in 
K  ♦  0^,  collisions.  The 
cross  sections  are 
convoluted  to  remove 
the  rapid  oscillations 
due  to  angular  scatter¬ 
ing  interference. 
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BALI CB  a  EMISSION  IN  COLLISIONS  OF  H.  B+,  H2 *  AND  B3  +  WITH  N2 .  Oj  AND  H20 
F  Tousif,  J  Geddes  and  H  B  Gilbody 

Department  of  Pore  and  Applied  Physics,  The  Queen's  University  of  Belfast, 
Belfast,  United  Kingdom 


Beams  of  neutral  isotopes  of  hydrogen  at  megawatt 
power  levels  are  being  developed  for  suppl eaentary 
heating  of  plasaas  in  Tokamak  devices.  Optical 
aeasureaents  of  the  Doppler  shifted  and  unshifted  B 

a 

radiation  emitted  through  collisions  with  the 

background  gat  provide  a  aeans  of  determining  the 

special  and  energy  profile  of  the  beam.  Recently  cross 

sections*  have  been  measured  for  H  emission  in 

a 

collision  of  hydrogen  atoms  and  ions  with  B,  aolecnles. 

In  the  present  investigation  we  are  studying  Bq 
formation  st  energies  within  the  range  3-100  keV  for 


the  processes 

B  or  Hb+  +  X  -►  H(3s)  +  .  (1) 

H(n=3)  +  .  (2) 

B  or  I^+  +  BjO  -►  B<;)  or  Ib+C)  +  H(n-3)  + -  (3) 


where  a  -  1,  2  or  3,  I  *  N,,  O,  or  B,0  and  Z  represents 
all  bound  and  continuum  states. 

The  experimental  arrangement  is  similar  to  that 

used  previously^  in  our  laboratory.  The  selected  fast 

hydrogen  ion  or  atom  beam  passes  through  a  target  gas 

cell  and  the  B  radiation  from  different  positions 
a 

along  the  beam  it  monitored.  The  B  photon  detector 

a 

comprises  i  lens,  interference  filter  end  cooled 
photomul tipi i er . 

With  the  H  detector  viewing  the  bees  et  • 
o 

position  sufficiently  far  downstream  from  the  target, 
all  the  short  lived  3p  tnd  3d  states  have  decayed  to  a 
negligibly  small  level  and  the  cross  sections  for  the 
formation  of  the  long  lived  3s  state  (reaction  1)  can 
be  determined.  Eere  a  50  X  band  pass  filter  centred  at 
6530  X  is  used. 

Cross  sections  for  total  B  emission  (reaction  2) 
a 

ire  determined  using  t  3  %  bandpass  filter  centred  at 
6564  X.  When  the  detector  it  positioned  at  90°  with 
respect  to  the  beam  aiis  and  views  the  beam  within  the 
target  cell  at  a  point  where  emission  from  decay  of 
the  3p  and  3d  states  has  equilibrated  the  recorded 
signal  also  includes  a  contribution  from  (a)  decay  of 
the  long  lived  3s  state,  (b)  molecular  band  radiation 


10  100 
ENERGY  ( keVj 


Figure  1  :  Balmer  a  emission  cross  sections  for 
collisions  of  H(ls)  with  H10.  •,  o(3s)  reaction 

(1)  :  ♦,  o( Ha)  reaction  (2)  :  A,  ©x  reaction  (3)  : 
m  ,  o( 3d )  +  0.12  a(3p)  =  ar(Ha)  -  o(3s). 

from  excited  states  of  the  target  and  (c)  in  the  case 

of  H.O.H  radiation  from  dissociative  excitation  of  the 
1  a 

target.  A  knowledge  of  the  target  geometry,  lifetimes 

and  velocities  allows  the  contribution  of  the  3s  state 

to  be  deduced.  Tilt  tuning  of  the  3  %  filter  to  reject 

H  radiation  allows  assessment  of  contributions  arising 
a 

from  molecular  band  emission.  In  the  case  of  H,0  the 
emission  arising  from  reaction  (3)  was  studied  in  a 
separate  experiment.  With  the  detector  set  to  view  the 
target  at  34.7°,  the  Doppler  shifted  radiation  from  the 
fast  projectile  was  blocked  and  only  target  emission 
recorded . 

Cross  sections  for  reactions  (1)  -  (3)  in  H  -  HjO 
collisions  are  shown  in  figure  1. 

Cross  sections  have  been  normalised  to  earlier 
measurements*  for  the  H*  -  B,  system. 

Our  results  for  B  and  H+  in  collision  with  N,  and 
0,  are  compared  with  those  reported  by  other  workers. 
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DOUBLE  ELECTRON  CAPTURE  IN  Ar  +  D2 

** 

S.J.  Martin,  V.  Heckman,  J.  Stevens  ,  and  E.  Pollack 

Department  of  Physics,  University  of  Connecticut,  Storrs,  CT  06268 
**Department  of  Chemistry  and  Physical  Sciences,  Quinnipiac  College,  Hamden,  CT  06517 


Our  laboratory  has  been  studying  the  Argon-D2 
collision  system.  To  date  we  have  reported  on  Ar®  and 

Ar+  collisions*’^  with  D?.  We  now  present  results  on 
1  2+ 

double  electron  capture  in  Ar  +D2* 

Time-of-f 1 ight  techniques  are  used  to  study  the 
Ar**  resulting  from  the  double  electron  capture  colli¬ 
sions.  The  experimental  arrangement  employs  a  flight 
path  length  of  64  cm.  and  has  been  previously  des¬ 
cribed."*  Since  there  is  a  change  in  charge  state  in 
2+  0 

Ar  +D2"Ar  collisions  there  is  no  direct  reference 
channel  from  which  kinetic  energy  losses  (or  gains) 
of  the  Ar**  may  be  determined.  Spectra  from  the 
Ar^++Ar  -*Ar**  collision  provide  the  necessary  reference. 

Figure  1  shows  typical  energy  spectra  of  the  Ar 
from  Ar  +?0  and  Ar  +Ar  collisions  at  an  energy  of  1.0 

keV  and  small  ?.  The  spectra  correspond  to  Q=0  pro- 
2+  2+ 

cesses  in  Ar  +Ar  and  Q*-0  in  Ar  +D-.  Although  there 

1  0 

have  been  no  direct  studies  of  the  Ar  states  following 
double  electron  capture  from  Ar,  the  oscilLatory  struc¬ 
ture  in  the  cross  sections  for  the  direct  and  double 

L 

electron  capture  channels  was  found  to  be  character¬ 
istic  of  resonant  charge  exchange  and  attributed  to  it. 

The  dominance  of  the  resonant  processes  at  small  scat¬ 
tering  angles  is  now  confirmed  by  our  present  studies. 


FIG  l  Energy  spectra  of 
the  Ar**  resulting  from 
double  electron  capture  at 
1.0  keV,  9-0.  (A)  Ar2++D2 

-Q^0.  (B)  Ar2++Ar  -q»0. 

The  arrow  is  drawn  at  the 
Q=12eV  position  which  would 
correspond  to  final  ground 
state  Ar**  with  the  two  D+ 
ions  having  threshold  ener¬ 
gies. 


In  the  double  electron  capture  from  D2  the 
processes  found  at  small  r?  are  consistent  with  capture 
to  electronically  excited  Ar**  states.  Over  the  t<2 
keV  deg.  range  studied,  double  electron  capture  was 
seen  to  occur  to  channels  with  Q  near  0.  Capture  to 
the  ground  state  of  Ar**  with  the  two  D+  ions  leaving  at 
threshold  energies  would  correspond  to  an  exothermic 
process  with  Q^12eV. 
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FIG  2  The  reduced  cross  section,  for  double  electron 
capture,  as  a  function  of  scattering  angle  in  2.0  keV 
Ar2++D,  collisions. 


We  have  measured  the  cross  section  for  the  double 
electron  capture  processes.  Figure  2  shows  our  pre¬ 
liminary  results  at  2.0  keV.  At  small  angles  the 
cross  section  for  double  electron  capture  is  found 
to  be  weak  compared  to  the  direct  channel. 

The  present  study  continues  to  show  the  importance 
of  accidental  energy  resonant  processes  in  ion-molecule 
collisions.  Several  different  channels  can  result  in  Q 
values  near  zero.  Our  work  to  date  however  suggests 

that  the  dominant  two  electron  capture  channel  is 

2+3  0*  5  + 

Ar  (  P)+D2-iAr  (3p  nl)  with  the  two  D  ions  having 

kinetic  energies  near  threshold. 
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ELECTRON  CAPTURE  IN  Li+  +  H2  AND  Ar+  +  H2  COLLISIONS  IN  THE  keV  ENERGY  REGION  AND 
STUDY  OF  ORIENTATION  EFFECT  OF  THE  TARGET  MOLECULE* 
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M.  Kimura,  S.  Chapman  and  N.  F.  Lane 
Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado  and  National  Bureau  of  Standards 
Boulder,  Colorado  80309  USA 


We  have  performed  semiclassical  close-coupling 
calculations  by  using  molecular  orbital  expansion  meth¬ 
ods  with  the  Inclusion  of  electron  translation  factors 
to  Investigate  electron  capture  mechanisms  in  Li+  +  H2 
and  Ar+  +  H2  collisions.  To  compensate  for  the  com¬ 
plexity  of  the  polyatomic  system  which  is  difficult  to 
deal  with  accurately,  we  have  employed  the  diatoms-in- 
molecules  (DIM)  method1  to  obtain  "reasonably  accurate" 
adiabatic  potentials  as  well  as  eigenfunctions.  Since 
the  keV  energy  region  is  of  interest,  the  adiabatic 
(sudden)  approximation  is  appropriate  for  internal  mo¬ 
tion  and  accordingly,  the  relative  nuclear  coordinate 
of  the  target  molecules  was  frozen  at  its  equilibrium 
value.  These  two  systems,  Li+  +  H2  and  Ar*  +  H2 ,  are 
of  particular  interest  from  a  theoretical  point  of 
view,  because  the  (LiH2)+  system  has  near  Z  symmetry 
(relative  to  the  ion-molecule  axis)  in  initial  and 
final  ground  states,  while  the  (ArH2)+  system  has  open 
p-orbitals  in  the  Ar+  ion  which  give  rise  to  II  symmetry 
in  the  initial  state.  Hence,  we  can  expect  that  mecha¬ 
nisms  governing  electron  capture  in  these  two  systems 
are  quite  different. 

In  Fig.  1,  adiabatic  potential  curves  as  func¬ 
tions  of  internuclear  distance  R  between  Ar+  and  and 


-006' 


orientation  9  (angle  between  the  molecular  axis  and 
the  internuclear  coordinate)  of  the  target  molecule 
are  shown.  As  we  have  noted,  the  initial  state,  Ar*  + 
H2(X1Ia;v),  consists  of  both  T  and  ^  symmetries  where¬ 
as  only  T.  symmetry  is  present  in  the  final  state, 
corresponding  to  Ar  +  H^IIsa^.v').  Because  of  the 
involvement  of  p-orhitals  in  Ar+  +  H2  collisions,  ori¬ 
entation  effects  of  the  target  molecule  are  expected 
to  be  strong.  Indeed,  our  calculation  reveals  the 
strong  dependence  of  the  probability  on  orientation 
at  all  energies  studied.  On  the  other  hand,  since 
both  colliding  partners  in  the  Li+  +  H2  svstem  have 
approximately  spherically  symmetric  electronic  charge 
distributions ,  the  effect  of  orientation  of  the  target 
molecule  might  he  expected  to  be  weak  and  this  is  what 
was  found. 

Total  electron  capture  cross  sections  for  Ar*  + 

H2  collisions  are  plotted  in  Fig.  2  along  with  some 
experimental  measurements .~~t*  Due  to  the  near  reso¬ 
nant  character  of  the  Ar+  +  »2  collision,  the  cross 
section  does  not  drop  as  the  collision  energv  de¬ 
creases.  This  finding  is  also  auite  different  from 
that  seen  in  non-resonant  Li+  +  H2  collisions. 

*MK  and  NFL  were  supported  bv  the  U.  S.  Dept,  o^ 
Energy,  Basic  Energy  Sciences. 

±Also  Rice  University,  Houston,  TX. 

1984-83  JILA  Visiting  Fellow.  Permanent  address: 
Dept,  of  Chemistry,  Barnard  College,  ColumMa  Univ., 
New  York,  NY  10027. 
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CHARGE  TRANSFER  IN  ION-MOLECULE  COLLISIONS  AT  THE  keV  ENERGY  REGION:  STUDY  OF  H+  +  Hj  COLLISIONS* 

M.  Kimuta 

Joint  Institute  for  Laboratory  Astrophysics,  University  of  Colorado  and 
National  Bureau  of  Standards,  Boulder,  Colorado  80309  USA 


In  contrast  to  theoretical  study  of  charge  trans¬ 
fer  in  ion-atom  collisions  in  the  low  to  intermediate 
energy  range,  theoretical  Investigations  of  ion-mole¬ 
cule  collisions  in  this  energy  region  are  very  scarce* 
This  may  be  partly  attributed  to  the  following  reasons: 
(i)  it  is  quite  a  complex  problem  to  obtain  even  "rea¬ 
sonably  accurate"  adiabatic  potentials  and  eigenfunc¬ 
tions  as  functions  of  Internuclear  coordinates  and 
molecular  orientations  for  the  polyatomic  system;  (ii) 
for  the  polyatomic  system,  the  number  of  internal  de¬ 
grees  of  freedom  that  need  a  proper  dynamical  treatment 
increases  dramatically.  To  partially  compensate  for 
these  difficulties,  we  have  adopted  the  diatoms-in- 
molecules  (DIM)  method^  to  obtain  "reasonably  accurate" 
adiabatic  potentials  as  well  as  eigenfunctions.  Also, 
since  the  keV  energy  region  is  of  interest,  we  have 
employed  the  adiabatic  (sudden)  approximation  to  freeze 
vibrational  and  rotational  motions  of  the  target  mole¬ 
cule.  Accordingly,  we  have  fixed  the  internuclear  dis¬ 
tance  of  the  H-r  molecule  at  its  equilibrium  distance. 
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Fig.  1.  Adiabatic  potential  curves  as  functions  of 
R  and  0* 


Two-state  [H+  +  and  H  +  H^ClsOg)]  semi- 

classical  close  coupling  calculations  have  been  per¬ 
formed  to  investigate  H+  +  H2  collision  dynamics  by 
using  the  molecular  orbital  expansion  method  with  the 
inclusion  of  plane  wave  electron  translation  factor 
effect.  Adiabatic  potential  curves  are  displayed  in 
Fig.  I  for  several  values  of  0  and  with  $  -  0®.  The 
figure  indicates  that  the  colliding  particles  can 
approach  more  closely  for  0  *  90®  than  for  6-0®. 

The  influence  of  orientation  of  the  target 
molecule  on  the  charge-transf er  probabllitv  has  been 
examined,  and  the  charge  transfer  cross  section  is 
found  to  be  very  sensitive  to  the  molecular  orien¬ 
tation  at  energies  below  0.5  keV  or  above  10  keV. 
Between  these  energies,  however,  the  orientation 
effect  was  small.  Calculated  total  cross  sections 

are  plotted  in  Fig.  2  along  with  experimental  meas- 
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urements.  Overall  agreement  between  theory  and 

experiment  is  satisfactory. 

*Work  supported  by  the  l1.  S.  Department  of  Fnergv, 
Office  of  Basic  Energy  Sciences. 
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Fig.  2.  Charge  transfer  cross  section  on  the  pro- 
cess  H*  ♦  H2(X1T(!)  -  HO.)  +  H^CIsOg). 
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We  have  recently  measured  the  to  tl  attenuation 
cross  sections  for  H*,  *  W3+  and  their  deuterium 
analogs,  and  for  N*  and  incident  on  a  Cs  target. 
The  experimental  conditions  were  arranged  such  that 
single  electron  capture  was  the  dominant  attenuation 
mechanism.  The  energy  range  investigated  for  the 
hydrogen  ions  was  50  eV  to  4  keV,  while  that  for  the 
nitrogen  ions  was  350  eV  to  4  keV. 

The  desired  positive  ion  beam  was  extracted  from  a 
Colutron  ion  source,  focussed  and  aaccelerated  to  the 
final  beam  energy  and  mass-analyzed  by  magentic 
deflection.  The  collimated  projectile  beam  is  directed 
through  the  Cs  target  ceLl  and  onto  a  suppressed  Fara¬ 
day  cup.  The  collector  has  a  ±8  acceptance  angle  to 
reduce  the  effects  of  angular  scattering  on  the  beam 
attenuation.  The  alkali  target  cell  can  be  moved 
rapidly  into  and  out  of  the  projectile  beam  path, 
giving  measurements  of  the  attenuated  and  incident  beam 
intensity,  respectively.  Fixed  defining  apertures 
before  and  after  the  movable  target  cell  collimate  the 
projectile  beam.  The  Cs  target  thickness  was  deter¬ 
mined  experimentally  by  measuring  the  total  attenuation 
of  a  He*  projectile  beam  and  then  using  the  accurately 
measured  absolute  cj+q  cross  sections  for  He*  +  Cs.^ 

Our  results  for  H*  +  Cs  are  in  excellent  agreement 
with  the  data  of  Meyer^  between  100  eV  and  4  keV.  The 
present  results  extend  the  energy  range  down  to 
50  eV/amu,  where  is  found  to  decrease  with  energy 
as  expected  for  an  asymmetric  charge  transfer  pro¬ 
cess.  The  04^  results  for  and  H^*/D-j*  in  Cs 
are  shown  in  Figure  1.  Good  agreement  is  again  found 
with  the  previously  reported  results  of  Meyer  et  al.3 
An  interesting  feature  of  the  data  in  Figure  1  is  the 
nearly  fiat  energy  dependence  of  down  to  the  lowest 
energies  measured.  Although  the  D2*  cross  section  Is 
apparently  falling  below  U<o  eV/amu,  its  magnitude  Is 
still  IbX  of  the  maximum  value.  At  Che  same  time,  the 
Dj*  cross  section  shows  no  sign  of  a  low  energy  fallofl 
down  as  low  as  17  eV/aou*  The  increased  range  of 
velocities  over  which  the  cross  section  is  relatively 
constant  is  apparently  attributable  to  the  large  number 
of  final  states  in  the  molecules  that  can  undergo  near- 
resonant  reactions. 
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Figure  1  Total  attenuation  cross  sections  for  ^ 
and  H-j*/I>3*  In  Cs  vapor. 
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We  apparently  have  discovered  the  existence  of  a 
aetastable  (t  >  lus)  excited  state  of  OH”  produced  by 
passing  a  HjQ*  beam  of  several  keV  kinetic  energy 
through  Rb  vapor.  We  conjecture  that  this  ion  is  a 
quintet  state  based  on  the  lowest  bound  quartet  Rydberg 
state  of  OH,  in  analogy  with  Rapid  auto¬ 
detachment  would  thus  be  forbidden  by  its  spin  config¬ 
uration  as  in  the  cases  of  other  known  metastable  nega¬ 
tive  ions,  such  as  He”,  Hej”,  Be-  and  Ar”.^  Unlike 
these  other  metastable  negative  ions,  however,  OH  also 
has  a  stable  state  below  the  ground  state  of  OH. 

Negative  ions  were  formed  from  a  momentum-analyzed 
H20+  parent  beam  transiting  Rb  vapor,  presumably  by 
near-resonant  dissociative  electron-capture  production 
of  the  quartet  Rydberg  OH,  followed  by  a  second  elec¬ 
tron  capture  collision  with  Rb.  This  mechanism  is  also 
only  conjectured,  in  analogy  to  the  production  of  other 
raetastable  negative  lons.^  After  traversing  the  vapor 
target  the  +,  0,  and  -  charged-beam  components  were 
separated  by  ar.  electrostatic  quadrupole  defLector  Qi 
which  can  be  used  as  ?  low  resolution  energy 
analyzer.  See  Figure  t.  After  passing  two  defining 
apertures,  the  energy-selected  negative  ion  component 
entered  a  second  quadrupole  Q2  where  it  was  deflected 
to  a  Faraday  cup.  The  voltage  of  two  quadrupoles  were 
coordinated  to  deflect  the  same  energy  negative  ions. 
Fast  neutrals  formed  from  either  collisional-  or  auto¬ 
detachment  along  the  field-free  drift  path  between  Ql 
and  Q2  pass  through  Q2  undeflected  to  the  neutral 


Figure  2  shows  the  energy  scans  of  negative  ions 


Similarly,  metastable  autodetaching  states  of  NHj” 
ions  produced  from  NH^+  ions  in  Rb  were  also  observed, 
but  decay  rates  have  not  yet  been  measured. 

Both  of  these  ions  are  isoelectronic  with  F-,  so 
we  will  perform  similar  experiments  with  it.  Mindful 
of  our  negative  findings  of  other  reported  raetastable 
ions,^  these  results  should  be  considered  as  tentative 
pending  further  study,  even  though  the  preliminary  re¬ 
sults  for  OH-  are  fairly  convincing. 

Supported  by  NSF  Grant  PHY  84-10980  and  AFOSR 
Contract  F49620-82-K-0030 . 
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Figure  1  Schematic  of  experimental  arrangement. 
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produced  from  them  between  Ql  and  Q2 .  Although  the  0 
ion  currents  were  much  more  Intense  than  the  OH  ions, 
the  0  ions  produced  far  fewer  neutrals  than  did  OH  . 
When  we  Increased  the  background  pressure,  the  inten¬ 
sity  of  neutrals  from  OH  was  essentially  constant, 
indicative  of  autodetachment,  while  the  neutrals  from 
0"  increased  linearly  from  zero  with  the  pressure,  as 
expected  from  coLltsional  detachment.  Apparent  decay 
rates  measured  at  several  delay  times  between  3  and  6 
^sec  after  formation  decreased  monotonically  from  4x10 
to  2x10^  / s.  These  rates  assume  a  unit  counting  effi¬ 

ciency  for  the  neutrals,  and  thus  represent  only  lower 
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Figure  2  Energy  scans  of  negative  Ions  (solid  curve) , 
and  neutrals  (dashed)  produced  from  them 
between  Q1-Q2. 
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ABSTRACT 


The  efficient  conversion  of  up  to  eight 
vibrational  quanta  into  translational  energy  is 
found  to  occur  during  02+—  02  collisions.  The  high 
efficiency  and  low  deflection  angle  which  are 
observed  in  the  experiment  reported  are  explained 
by  the  occurrence  of  multiple  crossings  of  the  02+— 
02  system  interaction  potentials,  specifically  the 
attractive  and  repulsive  symmetry  potentials.  The 
energy  and  charge  transfer  model  evolved  from  the 
experimental  data  proposes  that  energy  transfer  in 
symmetric  molecule  -  ion  collisions  takes  place  at 
very  large  intermolecular  separations.  It  differs 
in  an  important  way  from  previous  concepts  which 
suggest  that  impulsive  momentum  transfer  at 
relatively  short  distances  is  necessary  to  the 
exchange  of  vibrational  energy.  To  explain  the 
data,  a  distortion  of  the  electron  cloud  surround¬ 
ing  the  colliding  systems  is  conceived  to  produce 
charge-transfer  oscillations  whose  frequencies  at 
the  crossing  points  are  multiples  of  molecular 
vibration  frequencies.  Such  resonances  are  similar 
to  the  more  familiar  rainbows  often  observed  in 
molecular  col  1  isions. 

The  experimental  data  are  obtained  by  colliding 
a  130  eV  02+  beam  at  right  angles  to  a  narrow  beam 
of  target  02  molecules  which  are  produced  in  a  free 
jet.  The  energy  of  the  02  neutral  beam  molecules 
is  determined  after  charge  exchange  has  occurred 
using  a  hemispherical  analyzer.  From  an  analysis 
of  the  deflection  angle  and  the  enerqy  of  these 
ions  it  is  possible  to  determine  the  center-of-mass 
angle  change  and  the  number  of  vibrational  quanta 
which  are  transferred  from  the  projectile  ion  to 
the  neutral  which  is  in  its  ground  vibrational 
state.  For  collisions  which  are  exothermic  the 
laboratory  scattering  angle  shown  in  Figure  1  is 
negative  and  vice  versa.  Only  the  predicted 
positions  of  the  band  heads  is  shown  in  the  figure, 
however,  we  find  that  it  is  possible  for  light 
molecules  to  resolve  band  systans  which  differ  by 
one  quantun  up  to  Av  equal  to  about  9.  The 
important  result  shown  in  Figure  1  is  that  energy 
transfer  occurs  efficiently  up  to,  at  least,  Av  =  8 
and  for  center-of-mass  angles  of  a  few  tenths  of  a 


degree.  As  proposed  above  this  implies  that  vibra¬ 
tional  energy  transfer  can  take  place  easily  at 
large  impact  parameters  and  that  impulsive  transfer 
at  small  impact  parameters  such  as  described  by 
Bates,  and  Re idL 2 3  for  hydrogen  is  not  required 
in  larger  systems. 


Figure  1:  The  relative  intensity  of  low- 
energy  scattered  ions  is  plotted 
against  the  laboratory  deflection 
angle  for  for  02+-  02  collisions 
at  130  eV  projectile  energy.  The 
numbers  shown  adjicent  to  the 
peaks  show  the  position  of  the 
band  head  according  to  the  conven¬ 
tion  02  +  'vi  j+02(v2)  ♦  02(v,)-O2  + 
(vj.  Individual  transitions  are 
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We  apparently  have  discovered  the  existence  of  a 
metastable  (t  >  ius)  excited  state  of  OH  produced  by 
passing  a  H£0+  beam  of  several  keV  kinetic  energy 
through  Rb  vapor.  We  conjecture  that  this  ion  is  a 

quintet  state  based  on  the  lowest  bound  quartet  Rydberg 

-  1  2 

state  of  OH,  in  analogy  with  He2  •  *  Rapid  auto- 

detachment  would  thus  be  forbidden  by  its  spin  config¬ 
uration  as  in  the  cases  of  other  known  metastable  nega¬ 
tive  ions,  such  as  He**,  He-”,  Be”  and  ^  Unlike 

these  other  metastable  negative  ions,  however,  OH  also 
has  a  stable  state  below  the  ground  state  of  OH. 

Negative  ions  were  formed  from  a  momentum-analyzed 
H20+  parent  beam  transiting  Rb  vapor,  presumably  by 
near-resonant  dissociative  electron-capture  production 
of  the  quartet  Rydberg  OH,  followed  by  a  second  elec¬ 
tron  capture  collision  with  Rb.  This  mechanism  is  also 
only  conjectured,  in  analogy  to  the  production  of  other 
metastable  negative  ions.^  After  traversing  the  vapor 
target  the  +,  0,  and  -  charged-beam  components  were 

separated  by  an  electrostatic  quadrupole  deflector  Ql 
which  can  be  used  as  a  low  resolution  energy 

analyzer.  See  Figure  1.  After  passing  two  defining 

apertures,  the  energy-selected  negative  ion  component 
entered  a  second  quadrupole  Q2  where  it  was  deflected 
to  a  Faraday  cup.  The  voltage  of  two  quadrupoles  were 
coordinated  to  deflect  the  same  energy  negative  ions. 
Fast  neutrals  formed  from  either  collisional-  or  auto¬ 
detachment  along  the  field-free  drift  path  between  Ql 
and  Q2  pass  through  Q2  undeflected  to  the  neutral 

detector . 

Figure  2  shows  the  energy  scans  of  negative  ions 
produced  from  a  parent  beam  and  the  neutrals 

produced  from  them  between  Ql  and  Q2 .  Although  the  0 
ion  currents  were  much  more  intense  than  the  OH  ions, 
the  0”  ions  produced  far  fewer  neutrals  than  did  OH” . 
When  we  Increased  the  background  pressure,  the  Inten¬ 
sity  of  neutrals  from  OH-  was  essentially  constant, 
indicative  of  autodetachment,  white  the  neutrals  from 
0”  increased  linearly  from  zero  with  the  pressure,  as 
expected  from  collisional  detachment.  Apparent  decay 
rates  measured  at  several  delay  times  between  3  and  6 

4 

usee  after  formation  decreased  monotonlcally  from  4x10 
to  2x10^  /s.  These  rates  assume  a  unit  counting  effi¬ 
ciency  for  the  neutrals,  and  thus  represent  only  lower 
limits • 


Similarly,  metastable  autodetaching  states  of 
ions  produced  from  NH3+  ions  in  Rb  were  also  observed, 
but  decay  rates  have  not  yet  been  measured. 

Both  of  these  ions  are  isoelectronic  with  F”,  so 
we  will  perform  similar  experiments  with  it.  Mindful 
of  our  negative  findings  of  other  reported  metastable 
ions,4  these  results  should  be  considered  as  tentative 
pending  further  study,  even  though  the  preliminary  re¬ 
sults  for  OH”  are  fairly  convincing. 

Supported  by  NSF  Grant  PHY  84-10980  and  APOSR 
Contract  F49620-82-K-0030. 
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Figure  l  Schematic  of  experimental  arrangement. 
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Figure  2  Energy  scans  of  negative  Iona  (solid  curve), 
and  neutrals  (dashed)  produced  from  them 
between  Q1-Q2. 
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ABSTRACT 


The  efficient  conversion  of  up  to  eight 
vibrational  quanta  into  translational  energy  is 
found  to  occur  during  02+—  02  collisions.  The  high 
efficiency  and  low  deflection  angle  which  are 
observed  in  the  experiment  reported  are  explained 
by  the  occurrence  of  multiple  crossings  of  the  02+— 
02  system  interaction  potentials,  specifically  the 
attractive  and  repulsive  symmetry  potentials.  The 
energy  and  charge  transfer  model  evolved  from  the 
experimental  data  proposes  that  energy  transfer  in 
symmetric  molecule  —  ion  collisions  takes  place  at 
very  large  intermolecul  ar  separations.  It  differs 
in  an  important  way  from  previous  concepts  which 
suggest  that  impulsive  momentum  transfer  at 
relatively  short  distances  is  necessary  to  the 
exchange  of  vibrational  energy.  To  explain  the 
data,  a  distortion  of  the  electron  cloud  surround¬ 
ing  the  colliding  systems  is  conceived  to  produce 
charge-transfer  oscillations  whose  frequencies  at 
the  crossing  points  are  multiples  of  molecular 
vibration  frequencies.  Such  resonances  are  similar 
to  the  more  familiar  rainbows  often  observed  in 
molecular  col  1  is  ions. 

The  experimental  data  are  obtained  by  colliding 
a  130  eV  02+  beam  at  right  angles  to  a  narrow  beam 
of  target  02  molecules  which  are  produced  in  a  free 
jet.  The  energy  of  the  02  neutral  beam  molecules 
is  determined  after  charge  exchanqe  has  occurred 
using  a  hemispherical  analyzer.  From  an  analysis 
of  the  deflection  angle  and  the  enerqy  of  these 
ions  it  is  possible  to  determine  the  center-of -mass 
angle  change  and  the  number  of  vibrational  quanta 
which  are  transferred  f- jm  the  projectile  ion  to 
the  neutral  which  is  in  its  ground  vibrational 
state.  For  collisions  which  are  exothermic  the 
1  aboratory  scattering  angle  shown  in  Figure  1  is 
negative  and  vice  versa.  Only  the  predicted 
positions  of  the  band  heads  is  shown  in  the  figure, 
however,  we  find  that  it  is  possible  for  light 
molecules  to  resolve  band  systems  which  differ  by 
one  quantixn  up  to  Av  equal  to  about  3.  The 
important  result  shown  in  Figure  1  is  that  energy 
transfer  occurs  efficiently  up  to,  at  least,  Av  =  8 
and  for  center-of-mass  angles  of  a  few  tenths  of  a 


degree.  As  proposed  above  this  implies  that  vibra¬ 
tional  energy  transfer  can  take  place  easily  at 
large  impact  parameters  and  that  impulsive  transfer 
at  small  impact  parameters  such  as  described  by 
Bates,  and  Reidt2]  for  hydrogen  is  not  required 
in  larger  systems. 


Figure  !:  The  relative  intensity  of  low- 
energy  scattered  ions  is  plotted 
against  the  laboratory  deflection 
angle  for  for  02+-  02  collisions 
at  130  eV  projectile  energy.  The 
numbers  shown  adjic»nt  to  the 
peaks  show  the  position  of  the 
band  head  accordinq  to  the  conven¬ 
tion  02+(v  )+0,(v2)  -  02(v, )+32+ 

(v^).  Individual  transitions  are 
1 abel ed  ( v , v2  ,  v  j ,  vH  ) . 

1.  K.  B.  McAfee,  Jr.,  C.  R.  Szmanda,  R.  S.  Hozack, 
R.  E.  Johnson,  J.  Chem.  Phys.  77,  2399  (1987). 

2.  (J.  R.  Bates  and  R.  H.  G.  Reid,  Proc.  Roy. 
Soc.  London  Ser.  A310.1  (1968). 


OBSERVATION  OE  COLLISION-ENERGY,  PRODUCT-STATE,  AND  ANGULAR-SCATTERING  SPECIFICITY 
IN  THE  CHARGE-TRANSFER  REACTION  OF  Ar+(2PJ/2)  WITH  N^X^  ,v=0) 

Alan  L.  Rockwood,  Stephen  L.  Howard,  Ou  Wen-Hu,  Paolo  Tosi,  Werner  Lindinger,  and  Jean  H.  Futrell 

Department  of  Chemistry,  University  of  Utah,  Salt  Lake  City,  Utah  84112 


The  charge  transfer  reaction 
Ar+(2P3/2)  +  N2(X1'g,v=0)  -  Ar(1S0)  +  N2+(X2Eg,v")  (1) 
and  its  inverse 

N2t(X2Ig,v")  *  Ar(1S0)  -  N^X^g.v)  +  Ar+(2Pj)  (2) 

have  been  extensively  investigated  by  modern  techniques 
capable  of  probing  state-to-state  specificity  in  these 
reactions.  It  has  been  established  that  reaction  (1) 
gives  the  v=0  product  exclusively  at  80°  K^,  but  that 
at  all  temperatures  above  140°  K  the  formation  of 
vibrational ly-excited  levels  of  the  ground  electronic 
state  of  N2+  dominate  the  reaction  kinetics.  This  has 
been  definitely  shown  in  a  laser-induced  fluorescence 

study  of  the  reaction  products  at  a  collision  enerqy 
2 

less  than  0.3  eV  ,  which  indicates  that  the  product 
ions  consist  of  a  distribution  of  rotational  states 
for  the  v=0  and  v=l  states  of  the  product  ion  with  the 
vibrationally-excited  component  constituting  87*10  of 
the  total;  the  rotational  state  distribution  for 
N2+(v=1)  was  analyzed  in  detail,  showing  8=12-13  com¬ 
pared  with  N  =  7  for  the  N,  reactant  at  room  tempera- 

C 

ture.  Further,  the  very  strong  v  brational  state 
dependence  of  the  reverse  reaction  (2)  has  been  demon¬ 
strated  in  the  elegant  study  by  Govers  et  al . 3  using 
electronically  and  vibrationally  state-selected  ions. 

A  recent  paper  from  our  laboratory  demonstrated 
+  p 

the  formation  of  primarily  N,  (X  :  , v=  1 )  in  reaction 

‘9  4 

(1)  at  collision  energies  of  1.73  and  4  electron  volts  . 

The  angular  scattering  observed  in  that  study  showed 
that  the  mechanism  was  direct  and  that  very  little 
momentum  was  transferred  in  the  electron  transfer 
mechanism.  A  curve-crossing  model  was  suggested  to 
explain  these  results.  This  model  has  been  elaborated 
in  qreat  detail  in  the  work  of  Govers,  et  al . ^  who 
demonstrate  that  a  semi-quantitative  rationalization  of 
their  results  for  reaction  (2)  is  possible  using  the 
Bauer-Fischer-Gilmore  curve-crossing  model.  Their  cal¬ 
culations  identify  the  outer  crossing  region  as  the 
critical  one  for  determining  the  overall  probability  of 
charge  transfer  (inner  crossings  are  traversed  adia- 
batically  in  their  model),  and  they  infer  that  a  single 
crossing,  the  (v",v=v"-l)  vibronic  crossing,  very 
likely  governs  reaction  probability.  Our  previously- 
reported  beam  study  of  reaction  (1)  is  completely  con¬ 
sistent  with  the  microscopic  reversibility  predictions 
of  their  elaboration  of  the  8FG  model  and  with  the 


observed  distribution  of  products  reported  by  Leone, 

2 

et  al . ,  at  low  energy. 

That  the  reaction  dynamics  of  the  system  is  some¬ 
what  more  complex  than  deduced  from  the  results  ref¬ 
erenced  above  is  revealed  by  the  Newton  diagram  for 
reaction  (1)  at  a  collision  energy  of  1.1  eV.  Principal 


conclusions  areas  follows:  (1)  extensive  large-angle 
scattering  the  N2  product  is  observed  in  addition  to 
the  forward-scattering  N2+  product  reported  previously. 
(2)  Extensive  translational  to  internal  energy  con¬ 
version  takes  place  with  the  formation  of  v=2,3,  and 
probably  4  levels  of  the  ground  electronic  state  in 
addition  to  the  v=l  vibrational  level  detected  pre¬ 
viously.  (3)  A  high  degree  of  quantum-state  specifi¬ 
city  correlated  with  angular-scattering  specificity  is 
observed  in  the  distribution  of  product  ions. 
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STUDIES  OF  CHARGE  TRANSFER  PROCESSES  IN  A  FLOW  TUB!. 

R.G.  Keesee,  B.L.  Upschulte,  R.J.  Shul,  R.  Passarella,  R.E.  Leuchtner,  and  A.W.  Castle-man,  Jr. 
Department  of  Chemistry,  The  Pennsylvania  State  University,  University  Park,  PA  16802 


A  recently  completed  selected  ion  flow  tube  (SIFT) 
apparatus  was  utilized  to  measure  the  room  temperature 
bimolecular  charge  transfer  rates  between  Ar+,  Ar^*, 


electron  spectra  showed  a  very  interesting  result. 

In  every  case  tested,  the  ion,  Ar+  or  Ar,+  ,  whichever 
was  closer  to  energv  resonance  and  favorable  Franck- 
Condon  factor,  reacted  faster  than  the  ion  which  was 


K20,  H2S,  and  SF^.  A  few  of  the  charge  transfer  further  from  energy  resonance. 

reactions  have  been  studied  previously,  and  the  accepted  Mass  spectrometr ic  and  optical  studies  of  CS  in 

rate  coefficients  in  the  literature  were  compared  to  our  a  flowing  Ar  plasma  were  initiated  to  determine  the 

measurements.  Our  rate  coefficients  are  well  within  the  excitation  source  of  CS,+  (A2*’).  A  plasma  was  establi- 

typical  uncertainty  of  ±30/,  for  all  of  these  reactions  shed  in  a  flow  tube  be  glow  discharge.  The  pressure 

except  the  Ar  +  CO,  ■*  CO,  +  Ar  reaction,  in  which  case  was  dominated  by  the  carrier  gas,  Ar ,  and  ranged  from 

there  appears  to  be  some  discrepancy  in  the  literature,  0.8-1. 5  torr.  The  reactant  gas,  CS,,  was  added  down- 

possibly  due  to  the  two  spin-orbit  states  of  Ar  .  (The  stream  and  allowed  to  react  with  the  plasma.  A  quadru- 

only  Ar,  charge  transfer  reaction  studied  previously  pole  mass  spectrometer  was  used  to  detect  the  ionic 

L  .-93.. 

is  with  H20.  Our  rate  constant  of  1.98x10  cm  /sec  is  species  of  interest  and  a  photodiode  arrav  detector  to 

in  excellent  agreement  with  the  literature  value  of  monitor  the  fluorescence.  The  spectra  were  displaced 

-9  3  1  + 

2.00x10  cm  /sec.  The  remaining  Ar.,  reactions  have  on  an  optical  multichannel  analvzer  with  the  use  of  a 

not  previously  been  measured,  and  will  be  reported.  The  fiber  optic  probe  and  monochromator. 

charge  transfer  reactions  which  were  found  to  proceed  The  visible  light  emission  was  identified  as  the 

at  or  near  the  collisional  limit  correlate  nicelv  with  A2— X2-  electronic  transition  of  the  CS  +  ion.  Strong 

-  0  o 

the  dipole  moment  of  the  reactar.t  neutral  species.  spectral  features  occur  throughout  the  4600A-5300A 

Those  reactions  which  were  found  to  proceed  at  fractions  region  and  were  used  to  determine  relative  vibrational 

of  the  collisional  rate  do  not  appear  to  correlate  with  populations  of  the  A“-  first  excited  electronic  state  of 

anv  molecular  or  ionic  parameter.  All  of  the  measured  CS + .  The  plasma  consisted  of  five  species  capable  of 

rate  constants  are  relativelv  fast  (■  one  tenth  of  col-  populating  the  A"~  state  of  CS,*:  Ar*,  Ar+,  Ar+* ,  Ar 

lisional  rate)  except  the  Ar  +  02  -  C>2  +  Ar  reaction.  and  electrons.  Fluorescence  was  completely  suppressed 

According  to  the  suggestions  of  previous  researchers  in  when  onlv  electrons  or  neutrals  were  allowed  to  react 

the  field,  these  reactions  should  show  excellent  energv  wlrh  CS, ,  thus  eliminating  both  as  possible  re¬ 
resonance  between  the  recombination  energv  of  the  reac-  excitation  sources.  The  concent  rat  ion  of  ionic  species 

tant  ion  and  a  vibrational  Level  of  the  product  ion  state;  of  Ar  and  th«.  fluorescence  were  monitored  as  a  function 


furthermore,  the  product  ion  state  should  he  linked  to 
the  ground  neutral  state  of  the  molecule  via  a  favorable 
Franek-Condon  factor.  These  suggestions  were  tested  by 
comparing  the  recombination  energv  of  the  reactant  ion 
to  the  photoelectron  spectra  of  the  reactant  neutral 
species.  This  criterion  for  fast  charge  transfer 
reactions  was  not  obeved;  for  example,  the  Ar2  +  NH^  -* 
NH^+  +  2Ar  was  measured  to  react  at  approximated  half 
the  collisional  rate,  yet  the  recombination  energv  of 
Ar^+  ('-14.4  eV)  is  about  0.5  eV  from  the  closest 
vibrational  level  of  (NH^+)  with  a  favorable  Franck- 
Condon  factor.  The  ratios  of  rate  constants  for  the 
Ar+/Ar2+  reactions  with  a  particular  neutral  species 
were  calculated.  These  were  compared  to  the  ratios  of 
the  rate  constants  to  the  collisional  rate  for  both  the 
monomer  and  dimer  ions  or  argon.  In  no  case  did  both 
the  monomer  and  dimer  ions  react  at  fractions  of  the 
collisional  limit;  at  least  one  of  the  ions  reacted 
at  the  collisional  rate.  Comparisons  with  the 


of  probe  voltage,  pressure,  and  flow  velocity  under 
conditions  where  all  three  were  varied  independent 1\ 
one  another.  The  fluorescence  intensity  did  not 
increase  as  the  concent  rat  ion  of  Ar  ,  increased; 
therefore,  Ar  ,+  was  discounted  .is  the  source.  This 

4-  4-* 

identifies  Ar  or  Ar  as  the  excitation  source  in  a 

4 

bimolecular  charge-t rans  i  er  reaction;  Ar  +•  CS ,  * 

+  4-*'  *4  ** 

CS,  +  Ar  or  Ar  +  CS  ,  *  CS  ,  +  Ar  .  Such  studies 

determine-  the  energv  states  "t  the  rea.  t  ion  products 
which  account  for  the  ex»  ess  mere,  often  observed  i 
a  charge-transfer  reaction.  The  :  hidings  and  tin- 
implications  will  he  d  i  si -listed  . 


1.  Faradav  Discuss,  then.  So.  .  ’>  t (1972). 
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THE  ELECTRONIC  STRUCTURE  OE  FREE  LIQUID  SURFACES.  ELECTRON  SPECIROSCOPV  UNDER  He(«;5S)  VERSUS  Hel-PHOTON  IMPACT. 

Wolfgang  Keller,  Harald  Morgner,  and  Werner  Muller 
Fakultat  fur  Physik,  Hermann  Herder-Str.  3,  D-7800  Freiburg 


The  excitation  energy  of  metastable  He(2^S)  as  well 
as  the  Hel-photon  energy  suffice  to  release  electrons 
from  other  matter,  let  it  be  atoms,  molecules  or  con¬ 
densed  matter.  Indeed,  He  I -photoelectron  spectroscopy 
has  been  applied  in  all  three  cases  in  order  to  study 
the  respective  electronic  structure.  Electron  spectro¬ 
scopy  under  He: 2*5 .  impact  has  been  studied  as  well, 
but  the  main  emphasis  was  to  a  lesser  extent  the  in¬ 
vestigation  of  the  target  but  rather  the  understanding 
of  how  the  excitation  energy  is  transferred  from 
He  I  5)  to  the  target.  It  is  only  within  the  last  few 
years  that  metastable  atoms  were  used  as  investigative 
tool  to  study  condensed  matter  in  the  solid  state  /1,2, 
3/ . 

In  this  contribution  we  report  on  the  first  mea¬ 
surements  which  apply  metastable  impact  electron  spec¬ 
troscopy  (MIES)  to  liquid  surfaces.  In  the  same  machine 
under  exactly  the  same  conditions  we  have  taken  data 
from  MIES  and  from  ultraviolet  photoelectron  spectro¬ 
scopy  (UPS)  for  several  organic  liquids  and  for  liquid 
mercury . 

We  find  remarkable  differences  between  both  modes 
of  ionization.  For  the  non-metallic  liquids  they  must  be 
attributed  to  the  well  known  fact  that  metastable  rare 
gas  atoms  release  their  energy  only  to  the  outermost 
layer  whereas  photons  penetrate  several  layers  deep. 
Making  use  of  this  knowledge  in  the  interpretation  of 
our  data  we  are  able  to  derive  interesting  information 
on  the  surface  structure  of  the  liquids.  For  liquid 
formamide  H^NCOH  we  find  clear  evidence  that  the  sur¬ 
face  is  composed  of  molecules  which  ly  flat  on  the  sur- 
f  ace. 

For  this  interpretation  we  have  made  use  of  the 
relative  strength  of  different  electronic  bands  as  po¬ 
pulated  in  MIES  versus  UPS.  However,  independent  of  the 
relative  band  intensities  we  can  try  to  evaluate  from 
our  data  the  apparent  band  width  of  a  given  band  as 
found  in  MIES  and  UPS.  A  preliminary  evaluation  indi¬ 
cates  that  the  widths  are  systemat ical lv  smaller  in  MIES 
compared  to  UPS.  It  seems  justified  to  identify  the 
MIES  result  with  the  surface  density  of  states  and  the 
UPS  data  with  the  volume  density  of  states.  We  have 
earned  out  model  calculations  which  show  that  a  com¬ 
parison  of  these  two  quantities  allows  rather  direct 
conclusions  on  the  amount  of  disorder  within  the 
liquid.  This  type  of  information  can  be  obtained  only 


by  a  comparative  study  of  both  ionization  methods  under 
otherwise  identical  conditions  but  not  by  either  method 
alone. 
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EXCUATIOM  TRANSFER  INTO  BOUND  AND  CONTINUUM  ELECTRONIC  STATES.  He  23S,21S,  +  HALOGEN  CONTAINING  MOLECULES 


Kai  Beckmann,  Oskar  Leisin  and  Harald  Morgner 


Fakultat  fur  Physik,  Hermann  Herder-Str.  3,  D-7800  Freiburg 


Excitation  transfer  from  metastable  helium 
He*(2^S,2*S)  to  molecules  with  positive  electron  affi¬ 
nity  can  proceed  either  in  a  direct  process 


He*+M  -  >  He+M%e 

He+M** 


(1) 


or  via  an  ion  pair  intermediate 

He*+M  -*■  He++M~  -*•  He+M*+e 
He+M** 


Whereas  (1)  can  be  viewed  as  a  one  electron  process 
which  is  accompanied  by  the  emission  of  a  second  spec¬ 
tator  electron  /]/  the  second  step  of  process  (2)  re¬ 
quires  a  strong  interaction  between  the  two  electrons 
which  are  removed  from  the  negative  ion  M”.  Therefore 
it  is  of  interest  to  compare  the  details  of  both  pro¬ 
cesses.  The  first  step  in  this  approach  must  consist  in 
the  identification  of  both  reaction  pathways  for  a 
given  molecule  M.  Combination  of  electron  spectroscopy 
and  optical  spectroscopy  helps  in  this  respect  /2,3,4/. 

We  present  both  types  of  spectra  taken  simultane¬ 
ously  in  a  molecular  beam  machine  for  a  large  number  of 
halogen  containing  molecules:  Cl^t  B^,  ^tiBr,  JC1, 
CF^_nCln(n=l ,4) ,  ortho-,  meta-,  para-dichlorobenzene 
and  trichlorobenzene. 


The  data  of  the  diatomic  molecules  allow  to  iden¬ 
tify  both  processes  (1)  and  (2).  The  data  for  the  poly¬ 
atomic  molecules  cannot  as  convincingly  be  interpreted 
in  these  terms.  In  particular  the  reaction  of  He*  with 
Cf^Cl  still  exhibits  puzzling  features  in  spite  of  de¬ 
tailed  experimental  material  /5f6/.  A  detailed  discus¬ 
sion  will  be  presented  at  the  conference. 


We  gratefully  acknowledge  financial  support  from 
the  Deutsche  Forschungsqeme inschaft . 
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TRANSITION  STATE  SPECTROSCOPY  WITH  ELECTRONS:  THE  REACTION  OF  He(23S,21S)  WITH  HALOGEN  MOLECULES 


Arnulf  Benz  and  Harald  Morgner 
Fakultat  fur  Physik,  Hermann  Herder-Str.  3,  D-7800  Freiburg 


It  is  well  known  that  the  chemical  behaviour  of  ex¬ 
cited  rare  gas  atoms  is  very  similar  to  the  aLkali  atoms 
which  follow  in  the  periodic  system.  For  the  heavier 
noble  gas  atoms  this  is  familiar  from  the  pumpinq  me¬ 
chanism  of  rare  gas  halide  lasers: 

A*+X2  -  AX*+X  (1) 

where  A  denotes  a  rare  gas  and  X  a  halogen  atom. 

If  one  starts  reaction  (1)  with  A*=He*(ls2s)  then 
the  complex  (AX^)*  has  an  excitation  energy  which  is  so 
high  that  autoionization  of  the  complex  is  possible. 
Since  autoionization  can  be  a  very  fast  process  with 
lifetimes  of  10  ^  sec  it  can  compete  successfully  with 
the  chemical  reaction  (1).  This  is  a  disadvantage  if 
one  wishes  to  produce  AX*  reaction  products.  However, 
it  turns  into  an  adventage  if  one  intends  to  investi¬ 
gate  the  complex  state  (AX^)*  itself,  because  electron 
emission  occurs  effectively  in  spite  of  the  short  life¬ 
time  of  the  complex.  A  second  favourable  feature  rests 
in  the  fact  that  neither  of  the  reactants  He*  nor  X2 
can  emit  electrons  as  long  as  they  are  separate.  Emiss¬ 
ion  of  electrons  is  enabled  only  as  a  consequence  of 
the  close  contact  between  the  excited  He*  atom  and  the 
target  molecule.  Therefore  the  electrons  carry  infor¬ 
mation  on  the  structure  of  the  complex  (AX2)*  but  not 
on  the  separated  collision  partners. 

Recently  some  work  has  been  published  on  the  op¬ 
tical  spectroscopy  of  transition  states  of  chemical  re¬ 
actions  of  alkali  atoms.  Spectra  were  taken  in  emission 
/ 1 /  and  in  absorption  / 2/.  These  measurements  are  very 
difficult  because  the  lifetime  of  a  transition  state  is 
usually  by  orders  of  maqmtude  smaller  than  the  average 
time  which  elapses  until  a  photon  is  emitted  or  absorb¬ 
ed.  Consequently  the  siqnal  is  rather  low  and  careful 
tests  have  been  used  to  control  the  background. 

We  have  studied  the  reactions  (X=Cl,Br,l): 

He,23S,215i.\2  ->  (He+X  )*«  He.X2>%  e"  (2a) 

' He*+X”  1  *  (2b) 

Both  reaction  pathways  can  clearly  be  identified  in  the 
electron  energy  spectra  cf.  /)  for  C 12;.  By  means  of 
trajectory  calculations  we  have  determined  the  poten¬ 
tial  surface  of  the  transition  state  (He  +Xji  of  react¬ 
ion  path  (2b).  The  used  computer  code  is  similar  to  the 
one  used  earlier  in  / 3/ .  For  Cl2  we  have  repeated  the 
calculations  of  ref.  73/  and  achieved  a  significantly 


better  fit  to  the  measured  electron  energy  spectrum.  Ex¬ 
periments  and  calculations  for  Br2  and  J2  are  presented 
for  the  first  time.  We  find  that  the  measured  electron 
energy  spectra  impose  already  a  constraint  on  the 
possible  He  +X”  potential  surfaces.  However,  spectra  of 
those  electrons  which  are  coincident  with  either  X2  or 
X  give  much  more  detailed  information  on  the  potential 
surface.  An  instructive  example  is  shown  in  the  figure 
for  the  molecule  Br2. 

Financial  support  from  the  Deutsche  Forschungsge- 
meinschaft  is  gratefully  acknowledged. 
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PENNING  IONIZATION  OPTICAL  SPECTROSCOPY  OF  HC1 
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We  have  studied  the  collisional  energy  transfer  pro¬ 
cess  of  Penning  ionization  (PI)  of  gaseous  HC1  employing 

He*(23S)  and  Ne*(3P?  n)  metastables  by  observing  the  HC1+ 
2  j.  o  ^ 

(A  l  -  X  tlj)  emission  on  a  flowing  afterglow  apparatus 
This  emission  is  of  particular  interest  because  it  has 
been  cited,  ’  in  the  He*(2  S)-HC1  system  in  flowing 
afterglow  studies,  as  an  example  of  a  nonvertical  Penn¬ 
ing  process,  based  on  the  differences  found  in  the  vibra¬ 
tional  distributions  in  the  HC1+(A)  state  as  determined 
by  photoelectron  spectroscopy  and  PI  optical  spectroscopy 
We  have  re-examined  the  flowing  afterglow  from  the  He* 

(2  S)-HC1  system  over  the  helium  bath  gas  pressure  range 

of  0. 1-3.0  Torr  and  found  no  changes  in  the  HC1+(A  -  X) 

1  2  ■ 

emission,  in  agreement  with  the  previous  studies,  *  in¬ 
dicating  that  collisional  quenching  of  the  HC1+(A)  state 
by  helium  gas  does  not  occur  over  this  pressure  range. 

We  have  extended  our  flowing  afterglow  study  to  include 
the  Ne*(3P-,  q ) — HC1  system,  and  we  have  similarly  found  no 
spectral  changes  to  occur  over  the  neon  bath  gas  pressure 
range  of  0. 1-3.0  Torr.  However,  the  HC1+(A)  state  vibra¬ 
tional  distribution  found  in  this  case  is  quite  different 
from  that  obtained  in  the  He*(23S)-HCl  system,  as  can  be 
seen  from  a  comparison  of  the  flowing  afterglow  emission 
spectra  given  in  Fig.  1  (a.  for  He*(23S)-HCl  and  d.  for 
Ne*(3P2  q)— HC1 ) .  Furthermore,  the  HC1 +( A)  state  vibra¬ 
tional  distribution  obtained  in  the  Ne*(3P.,  Q)-HC1  system 
was  found  to  be  very  similar  to  the  Franck-Condon  (FC) 
factors  for  direct  photoionization  of  HC1 .  A  comparison 
of  these  FC  factors  with  numerous  vibrational  distribu¬ 
tions  of  the  HC1+(A)  state  obtained  by  a  variety  of  means 
will  be  given  at  the  conference. 

Recently,  de  Vries  et  al.3  and  Snyder  et  al.4  exam¬ 
ined  the  HC1+(A  -*  X)  vibrational  distributions  resulting 
from  He* ( 23 S ) -HC1  and  Ne* ( g)-HCl,  respectively,  under 
single-collision  beam  conditions.  Their  spectra  are  re¬ 
produced  in  Fig.  1  (b.  and  c.,  respectively).  The  agree¬ 
ment  in  the  vibrational  distributions  of  their  spectra 
3 

with  the  Ne*(  P.,  g ) -HCT  flowing  afterglow  results  (Fig. 
Id.)  is  quite  apparent.  Thus,  it  would  appear  that  the 
non-FC  vibrational  distribution  obtained  in  the  He*( 23S ) - 
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Fig.  1  P!  optical  emission  spectra  obtained  for  the 
given  interacting  systems.  Spectra  a.  and  d.: 
this  work;  spectrum  b.:  Ref.  3;  and  spectrum  c.: 
Ref.  4. 

2.  The  'other'  species  is  produced  within  the  afterglow. 

3.  The  'other'  species  produces  HC1+(A)  exclusively  or  at 
least  preferentially  in  v'  »  0. 

4.  This  'other'  species  is  probably  the  same  'reactive 
intermediate"  postulated  by  Haugh5  to  explain  his  ob¬ 
served  HC1  (A)  state  vibrational  distribution  (non-FC- 
like)  in  fast  He+~HC1  collisions. 

5.  The  cross  section  for  the  reaction  of  the  'other' 
species  with  HC1  to  produce  HC1+(A,  v'=0)  must  be  very 
large. 

6.  The  identity  of  the  'other'  species  is  probably 
thermal  He+  ions. 

Thus,  it  may  firmly  be  concluded  that  PI  of  HC1  by  He* 

(Z3S),  He*(2's),  and  Ne*(3P?  Q)  metastables  proceeds  by  a 

vertical  transition  from  an  essentially  unperturbed  HC1 


HC1  afterglow  study  is  an  inherent  feature  of  the  helium 
flowing  afterglow  system. 

Based  on  a  thorough  evaluation  of  the  operation  of 
our  helium  flowing  afterglow  system,  as  it  pertains  to 
PI  of  HC1 ,  we  conclude  the  following: 

1.  HCT +  ( A )  emission  results  from  the  combined  effect'  of 
two  energetic  species;  they  being  He* ( 2^3 T  plus  ar. 
other  species. 


molecule  (i.e.  PI  in  these  cases  is  a  FC  process). 
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ROLE  OF  HELIUM  AMD  NEON  IN  G LOU  DISCHARGES 
WITH  NITROGEN  AS  A  TRACE  COMPONENT: 

THE  FIRST  NEGATIVE  N,.(B  -*■  X)  AND 
SECOND  POSITIVE  N-fC  ♦  B)  EMISSION 
SYSTEMS  OF ^NITROGEN 
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Emission  from  glow  discharges  in  N^-He-Ne  mixtures 
were  spectroscopically  determined  under  a  variety  of 
conditions:  content  of  N2,  total  gas  pressure,  dis¬ 
charge  currents  and  neon-helium  ratio* 

The  emission  from  mixtures  containing  as  a 
controlled  impurity  component  was  examined  between 
3000  and  5000  A  at  N2  concentrations  from  Q.8Z  to  3GZ 
and  at  total  pressures  from  1.5  to  10  Torr.  The  effect 
of  helium  and  neon  on  N2  emission  was  checked  indi¬ 
vidually  by  operating  glow  discharges  in  N2-Ne  mixtures. 


The  dependence  of  the  emission  on  discharge 
location  was  also  investigated  by  monitoring  the  N2 
emission  in  the  First  Negative  (B-*X)  and  Second 
Positive  (C  +  B)  Systems  in  the  region  between  the 
anode  and  cathode. 

Discharge  currents  were  varied  from  0.5  to  9  ma 
to  determine  whether  there  were  any  gross  effects  of 
the  current  on  the  individual  nitrogen  emission  system 
components.  In  all  cases  studied,  the  components  of 
the  N2  Second  Positive  (C+B)  system  were  present. 


As  the  partial  pressure  of  N2  is  reduced  from 
10Z  to  0.8Z,  the  presence  of  the  First  Negative  system 
becomes  increasingly  prominent*  Figures  1  and  2  show 
the  emission  for  a  10Z  and  0.8Z  mixture  of  N2  in  He-Ne , 
respectively.  Note  the  prominence  of  the  0-0  component 
of  the  N2+(B  +  X)  band  at  39 14. A  A.  The  ratio  of  the 
N2+0-0  component  (B-*X)  to  the  N2  0-2  (C-*-B)  of  N2 
increases  by  more  than  a  factor  of  50  when  the  partial 
pressure  of  is  reduced  from  1QZ  to  0.8Z. 


When  pure  neon  is  substituted  for  the  helium-neon 
mixture  in  N2»  the  emission  systems  consist  primarily 
of  the  N2(C-*-B)  system  with  the  N2*(B-*X)  suppressed 
considerably . 


The  appearance  of  N2+  emission  is  probably  due 
to  the  pretence  of  excited  helium  apeciea,  auch  aa  the 
He  2^S  and  He  2^S  since  electron-molecule  ionization 
in  glow  discharges  of  nitrogen  and  neon  do  no  show 
much  ion  emission  compared  to  helium-neon  mixtures 
containing  £lZ  nitrogen. 
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Figure  1.  Emission  apectrum  of  a  glow  discharge  in 
in  He-Ne  containing  10Z  N_.  Note  the 
small  contribution  of  the  0-0  and  l- l 
components  of  the  B-*X  system  in  N2*. 
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The  result  of  the  discharge  current  studies  show 
that  for  all  cases  studied,  low  discharge  currents 
favor  the  N^.fB-X)  emission  while  high  emission 
currents  favor  N^(C*B)  emission. 


Figure  2.  Emission  spectrum  of  s  glow  discharge  in 
He-Ne  containing  0.8X  N, .  Note  the  much 
larger  contribution  of  She  1-1  and  0-0 
components  of  the  B-*X  system. 
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IONIZATION  OF  CH  IONS  BY  ELECTRON-LOSS  COLLISION  SPECTROSCOPY 


a 

D.  Mathur,  C.  Badrinathan,  U  .T  .  Raheja  and  F  .A  .  Rajgara 
Tata  Institute  of  Fundamental  Research,  Bombay  400  005,  India 


Introduction 

There  remains  a  paucity  of  data  concerning  double 
ionization  of  molecules  and  molecular  radicals  .  We 
report  the  measurement  of  double  ionization  energies 
°f  CH*  ions  by  means  of  single  electron  loss  collisions 
of  the  type 

CH*  ♦  X  -  CH**  +  X  +  e  -  AE  ;  (n  =  1-5) 
n  n 

where  CH^,  Kr,  and  laboratory  air  were  used  as 
target  X  and  the  collision  energy  was  3  keV  .  The 
energy  defect,  aE,  is  a  measure  of  the  difference 
between  the  single  and  double  ionization  energies 
or  CH; . 

Experimental 

Singly  charged  CH^  ions  were  produced  in  a  low- 
voltage  arc,  extracted  at  3  keV  energy  and  focussed 
by  an  einzel  lens  on  to  the  entrance  plane  of  a  Wien 
filter  (crossed  electric  and  magnetic  fields)  .  The 
mass  selected  ions  passed  through  a  double-differen¬ 
tially-pumped  collision  chamber  containing  gas  at 

-14 

-  10  torr  pressure.  Ions  in  the  post-collision 

-7 

region  (10  torr  pressure)  were  passed  through  a 
parallel  plate  energy  analyser  and  were  detected  by 
a  channeltron  operating  in  the  particle  counting  mode  . 

The  apparatus  was  interfaced  on-line  to  a  micro 
processor-controlled  multichannel  analyser. 

If  the  incident  CH*  ions  were  transmitted  through 
the  energy  analyser  at  a  parallel  plate  voltage  V, 
the  corresponding  CH**  ions  of  the  same  kinetic  energy 
would  be  transmitted  at  (0.5  V  -  AV),  where  aV  is 
related  to  the  AE  by  a  factor  determined  by  the  analy¬ 
ser  geometry  .  By  measuring  the  voltage  displacement 
of  the  onset  of  CH**  from  0  .5  V  the  minimum  energy 
defect  AE(min.)t  hence  the  energy  threshold  for  ioniz¬ 
ing  CH*,  is  determined  . 
n 

Results 

A  typical  inelastic  spectrum  produced  by  scanning 
the  analyser  voltage  is  shown  in  Fig  .1  for  the  collision 

CH*  ♦  Kr  *  CHj*  .  Kr  .  e  -  4 E 

AE(min.)  is  measured  to  be  26.26  t  0.25  eV,  where 
energy  calibration  is  accomplished  by  measuring  the 
threshold  for  He**  formation  in  the  collision 

He*  ♦  Kr  He**  ♦  Kr  ♦  e  -  aE 


FIG  .1 :  Typical  electron  stripping  spectrum  .  The  peak  on 
the  right  is  the  elastic  CH^  peak;  Solid  vertical 
line  indicates  onset  for  CHj*  production  . 

AE(min.)  for  CHj  is  found  to  be  independent  of  the 
nature  of  target  gas  used;  this  suggests  that  negli¬ 
gible  amounts  of  kinetic  energy  and  internal  energy 
are  transferred  from  the  fast  incident  ion  to  the 
target.  Moreover,  the  rapiditv  of  the  collision  process 
makes  intramolecular  energy  transfer  very  unlikely  . 

Table  1  gives  the  preliminary  values  for  ioniza¬ 
tion  energies  of  molecular  species  which  appear  to 
possess  doubly-charged  ions  whose  lifetimes  have  a 
lower  limit  of  about  3 -5  x  10"^  s,  which  is  the  transit 
time  for  3  keV  ions  to  traverse  the  distance  between 
the  collision  region  and  the  detector  . 


Table  i 


Species 

A E(min  ,)a  (eV) 

CH* 

2'  .0 

26  .26 

CH* 

20  .8 

■3 

ch! 

b 

CH* 

23-07 

n* 

2U  .76 

a  t  C  .25  eV 

b  No  signal  corresponding  to  7H**  ccul  i  I *■  detected  . 


SINGLE  AND  DOUBLE  ELECTRON  DETACHMENT  FROM 
Cl“  BY  MOLECULAR  OXYGEN  AND  NITROGEN 
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The  cross  sections  for  the  production  of  a  fast 
neutral  or  a  positive  ion  in  a  single  negative  ion- 
raolecule  collision,  have  been  measured  from  20  keV  to 
100  keV.  There  is  a  significantly  higher  relative 
probability  of  double  detachment  from  O2  and  than 
from  monatomic  targets,  and  the  double  detachment 
cross  section  is  respectively  nearly  half,  and 
nearly  a  third  of  the  single  detachment  cross  section 
at  our  highest  energies.  Also  there  is  a  different 
energy  dependence  of  the  single  detachment  cross 
sections  for  0^  and  for  N2. 

Experimental  conditions  were  such  that  the  proba¬ 
bility  of  two  successive  collisions  with  different 
molecules  was  small  and  could  be  allowed  for  by  cor¬ 
rection  factors. 

When  the  target  is  diatomic  there  is  an  added 
possibility  that  the  double  detachment  may  be  sequen¬ 
tial,  with  the  detachment  occurring  at  the  first  atom 


encountered,  and  the  ionization  of  the  fast  neutral  at 
the  second  acorn,  in  the  same  molecule.  Assuming  chat 
the  cross  section  is  roughly  aR  ,  where  R  Is  the 
detachment  radius,  then  a  simple  geometric  argument 
gives  a  probability  of  about  one  third  that  the  second 
atom,  at  a  binding  radius  of  1.2  A,  will  be  within  an 
impact  parameter  distance  R  of  the  second  atom.  This 
assumes  that  the  o^+  ionization  cross  section  is 
roughly  the  same  as  the  atomic  detachment  cross 


The  considerable  difference  between  the  energy 
dependence  of  the  and  the  ^2  a  0  cro8S  sections 
suggests  that  the  electron  transfer  process  may 
contribute  significantly  for  the  oxygen  target, 
forming  9low  0  or  0^  recoil  ions,  whereas  this 
process  is  impossible  in  ^  because  of  the  absence  of 


stable  nitrogen  negative  ions. 


Energy  (KeV) 


FIG.  1.  Molecular  cross  sections  for  the  detachment 
of  one  electron  (circles),  and  for  the  detachment  of 
two  electrons  (crosses)  in  a  single  Cl  -  N2 
collision. 
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FIG.  2.  Same  as  FIG.  1  but  for  Cl  +  0^  collisions 
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FORMATION  AND  DECAY  OF  RARE  GAS  HYDRIDE  EXCIMERS  PRODUCED  IS  COLLISIONS  OF  EXCITED 
H2  MOLECULES  WITH  RARE  GAS  ATOMS 

T.  Moller,  M.  Beland,  J.  Stapelfeldt,  and  G.  Zimmerer 

II.  Institut  fur  Experimentaiphysik  tier  Universitat  Hamburg,  D-2000  'iinburg  50,  Fed.  Rep.  Germany 


Following  state  selective  excitation  of  in  doped 
rare  gases,  rare  gas  hydrides  can  be  formed  in  photo¬ 
chemical  reaction  of  the  type 

Rg+H* ( 8  1  r*.  C  'li  ;  .  RgH*(B  2.TT)+H  (1) 

2  u  u  ® 

**Rg  +  H  ♦  hV 

Rg  -  He,  Ne,  Ar ,  Kr ,  Xe 

Fig.  I  shows  the  pathway  of  the  reaction  He  +  H^.  The 
hydrides  are  identified  by  characteristic  bound-free 
fluorescence  spectra  in  the  ultraviolet  range*.  The 
transition  is  indicated  in  Fig.  I,  too. 

The  experiments  were  carried  out  at  the  experi¬ 
mental  station  SUPERLUMI2  ’  of  the  synchrotron  radia¬ 
tion  laboratory  HASYLAB.  Photoexcitation  was  performed 
at  a  band  pass  of  0.05  nm  between  85  and  NO  nm.  The 
gas  cell  was  equipped  with  thin  In  windows  which  are 
transparent  in  this  wavelength  range.  The  gas 
pressures  ranged  between  1  torr  and  20  torr  (Rg)  and 
0.03  torr  and  1  torr  (H2).  Fig.  2  shows  fluorescence 
spectra  of  HeH,  NeH,  and  ArH  (band  pass  12  nm) 
attributed  to  B  2f!  -  X  2I+  transitions. 

From  the  relative  intensities  of  and  RgH 

fluorescence,  the  cross  section  (1)  was  deduced,  in 
some  cases  for  rotationally  selective  primary  excita¬ 
tion.  Values  between  1  and  5  A*  are  obtained  for 

initial  H_(C  )  excitation. 

2  u 

The  formation  of  ArH*  is  also  possible  via 

Ar(3P,,  1 P , )  ♦  H.(X  ’a*)  -  ArH*  ♦  H  (2) 

‘  I  2  g  . 

Ar  +  H  ♦  hV 

The  cross  sections  are  roughly  1:5  for  Ar(^P  )  vs. 
1 

Ar(  P|)  excitation. 

Exploiting  the  time  structure  of  synchrotron 
radiation,  the  decay  curves  of  RgH*  emission  were 
measured,  too.  Due  to  the  short  lifetime  of  the 
precursor  states,  the  measured  decay  rates,  which  are 
in  the  range  of  10  s  ,  can  be  assigned  unambiguously 
to  the  decay  of  the  hydrides. 
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Figure  2  Fluorescence  spectra  of  HeH,  NeH  and  ArH.  The 
spectra  are  corrected  for  the  spectral 
response  of  the  detect  ion  system.  The 
excitation  conditions  are  given  in  the 
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THE  state  specific  reaction  of  electronically  excited  sodium  atoms  with  oxygen  molecules 

h.  Schmidt,  P.  S.  Weiss,  J.  M.  Mestdagh,  M.  H.  Covinsky  and  Y.  T.  Lee 

Materials  and  Molecular  Research  Division,  Lawrence  Berkeley  Laboratory  and 
Department  of  Chemistry,  University  of  California,  Berkeley,  California  94720  USA 


The  reaction:  Na(3^S)  +  O-jtX^C  )  -*  Na0(X“>  ) 

*7  ^  y 

+  0 (  P )  is  endothermic,  with  aH  =  57.9  kcal/mole,  but 

the  electronic  energy  of  the  Na  atoms  in  the  40  or  3S 
states,  or  with  the  additional  translational  energy  of 
9.5  kcal/mole  for  Na  atoms  in  the  3P  states  is  more 
than  enough  to  overcome  this  endothermicity.  The 
purpose  of  this  experiment  was  to  study  the  effect  of 
electronic  energy  and  symmetry  on  chemical  reactivity. 

The  reaction  of  electronically  excited  sodium 
atoms  with  molecular  oxygen  has  been  studied  in  a 
modified  universal  crossed  molecular  beams  machine. 
Briefly,  a  seeded  supersonic  sodium  atomic  beam  was 
crossed  at  90°  to  a  seeded  or  neat  supersonic  O2  beam 
in  a  vacuum  chamber  under  single  collision  conditions. 
The  laser  beams  used  for  the  excitation  of  sodium  atoms 
crossed  the  atomic  beam  in  this  interaction  region  from 
the  third  perpendicular  direction.  Scattered  product 
was  detected  with  a  mass  spectrometer  which  could  rotate 
in  the  plane  defined  by  the  atomic  and  molecular  beams. 

The  measurements  of  laboratory  angular  distribu¬ 
tions  of  product  were  carried  out  for  each  of  the  three 
optically  pumped  Na  levels,  as  well  as  for  the  ground 
state  at  three  collision  energies:  7,  16,  and  18 
kcal/mole.  At  the  lower  collision  energy  (7  kcal/mole) 
no  reaction  was  observed  for  any  of  the  Na  levels.  At 
the  upper  two  collision  energies  (16  and  18  kcal/mole) 

reaction  to  NaO  +  0  was  observed  only  when  the  sodium 

2 

atoms  were  optically  pumped  to  the  Na ( 4  0)  state. 

The  measured  laboratory  angular  distribution  at  a 

collision  energy  of  18  kcal/mole  is  shown  in  Figure  1. 

This  distribution  was  taken  with  the  mass  spectrometer 

tuned  to  mass  to  charge  ratio  of  23  (Na+)  because 

♦ 

most  of  the  product  NaO  fragments  to  Na  in  the 
electron  bombardment  ionizer. 

There  are  four  very  striking  features  of  these 
measurements.  First,  the  reaction  only  proceeded  from 
the  Na(4^D)  state,  even  though  the  Na(5^S)  state 
(only  1350  cm~^  lower)  and  the  Na(3^P)  state  (if 
collision  energy  was  included)  were  energetically 
al lowed  to  react. 

Secondly,  the  NaO  product  angular  distributions 
were  strongly  backwards  peaked  relative  to  the  incoming 
sodium  atoms  in  the  center  of  mass  frame  of  reference. 
This  implies  that  a  collinear  or  near  collinear 
approach  geometry  was  favored,  and  that  the  reaction 
proceeded  directly  with  no  collision  complex  formation. 


Na  (4D,5S)  +  O2  ~ >  NaO  +  0 
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Laboratory  angular  distributions  of  NaO  at  a 
collision  energy  of  18  kcal/mole.  The  upward 
trend  at  low  laboratory  angle  is  elastic 
scattering  of  Na  as  the  detector  is  moved 
closer  to  the  Na  beam. 


Thirdly,  the  very  small  angular  range  over  which 
the  reactively  scattered  NaO  was  detected  shows  that 

the  products  were  very  highly  internally  excited 
(>2  eV).  While  our  detector  is  not  state  selective, 
we  were  able  to  determine  the  product  translational 
energy,  and  thus  by  using  thermochemical  information 
and  invoking  conservation  of  energy,  we  found  that  the 
total  product  internal  energy  corresponds  to  the 
formation  of  NaO(A^I+)  +  0 ( ^ D ) . 

Lastly,  the  lack  of  reaction  at  low  collision 
energy  shows  that  there  must  be  an  entrance  channel 
barrier  of  at  least  7  kcal/mole,  but  less  than  16 
kcal/mole. 
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A  STATE  SELECTED  STUDY  OF  ION-MOLECULE  REACTIONS  IN  THE  (0?  -  N2)+  SYSTEM 
Kenichiro  Tanaka,  Tatsuhisa  Kato,  and  Inosuke  Koyano 
Institute  for  Molecular  Science,  Myodaiji,  Okazaki  444,  Japan 


In  order  to  elucidate  the  reaction  mechanism  of  ion- 
molecule  reactions,  we  have  applied  our  TESICO  technique1 
to  the  internal  state  selection  of  the  primary  ions  in 
the  reactions 


d2+(v)  +  n2  -  N2+  +  D2 

(la) 

h-  N2D+  +  D 

(lb) 

N2+(e,  v)  +  D2  -  02+  +  N, 

(2a) 

n2d+  +  5. 

(2b) 

The  threshold  electron  spectrum  of  D2  shows  well  resolved 
peaks  which  correspond  to  the  production  of  vibrational 
states  v  =  0-7  of  the  02+  ion,  while  that  of  N2  shows 
similarly  well  resolved  peaks  corresponding  to  the  pro¬ 
duction  of  v  =  0-4  of  N2+(X2r*)  and  v  =  0-8  of  N2+(A2nu)? 
This  enables  us  to  study  the  reactions  of  these  states 
individually  by  means  of  TESICO. 

The  results  for  reaction  (1)  obtained  at  2.5  eV  of 
collision  energy  are  summarized  in  Figure  1,  where  the 
relative  cross  sections  are  plotted  as  a  function  of  the 
vibrational  quantum  number  of  D2  .  As  can  be  seen  from 
the  figure,  the  cross  section  of  reaction  (la)  shows  an 
interesting  variation  as  the  vibrational  quantum  number 
changes.  The  cross  section  varies  regularly  with  the 
vibrational  quantum  number,  increasing  at  odd  quantum 
numbers  and  decreasing  at  even  quantum  numbers.  In  con¬ 
trast,  the  cross  section  of  reaction  (lb)  is  found  to  be 
almost  independent  of  the  vibrational  quantum  number. 
These  trends  are  essentially  the  same  for  all  collision 
energies  studied  (2.5,  6.0,  and  9.0  eV). 


°2+-N2  ,  Ecm=2.5i0.5  eV 


Fig.  1  :  Dependence  of  reaction  cross  sections 
on  the  vibrational  state  of  H2+ 


Results  for  reaction  (2)  obtained  at  1.3  eV  of  col¬ 
lision  energy  are  shown  in  Figure  2.  Here,  the  relative 
reaction  cross  sections  have  been  determined  for  vib¬ 
rational  states  v  =  0-3  of  N,+(X2e'!')  and  v  =  0-3  of  N,+ 
p  *  9  ^ 

(A  n  ).  It  is  seen  that,  while  the  cross  sections  for 

N2%  D2  ,  Ecm  =1. 3±0.4  eV 
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both  reactions  (2a)  and  (2b)  are  almost  independent  of 

2  + 

the  vibrational  state  in  the  X  electronic  state,  they 

exhibit  interesting  dependence  on  the  vibrational  state 
2 

in  the  An  electronic  state.  Moreover,  the  effect  of 
u  2 

the  electronic  excitation  to  the  A  nu  state  on  the  magni¬ 
tude  of  the  cross  sections  are  found  to  be  quite  different 
between  the  two  channels  (2a)  and  (2b).  This  latter  point 
is  more  conspicuous  at  lower  collision  energies. 

The  distinct  vibrational  state  dependence  of  the 
cross  sections  for  reaction  channels  (la)  and  (lb)  would 
strongly  suggest  that  the  chemical  reaction  (lb)  proceeds 
adiabatical ly  on  a  potential  energy  surface  correlating 
with  D2+  +  N2  at  infinite  intermolecular  separation  (i.e., 
without  hopping  to  the  D2  +  N2+  surface).  On  the  other 

hand,  the  similarity  in  the  vibrational  state  dependence 

+.  2  + 

between  reaction  channels  (2a)  and  (2b)  with  N2  (X  £g) 
wouid  indicate  that  the  chemical  reaction  (2b)  with  this 
state  proceeds  via  a  nonadiabatic  transition  to  the  sur¬ 
face  correlating  with  02+  +  N2  at  infinite  intermolecular 
distance. 
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ION-MOLECULE  REACTIONS  IN  COLLISION  SYSTEMS  OF  H+,  H2+,  H3+  AND  THEIR  ISOTOPIC  IONS 
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An  octo-j)ole  ^ion-beam  ^uide  (  OPIG  )  technique  has 
been  used  to  studv  on  ion-molecule  reactions  in 
collisions  of  H+,  H-,*,  and  their  isotopic  ions  with 
hydrogen  and  deuterium  molecules  in  the  energy  range 
from  0.1  to  1000  eV.  The  OPIG  is  united  with  a 
collision  cell  placed  in  the  middle  of  tandem  mass 
spectrometer  as  shown  in  Fig.l.  An  r-f  field  supplied 
to  the  OPIG  stores  and  guides  product  ions  formed  in 
the  collision  cell  to  the  entrance  of  the  second  mass 
spectrometer . 

The  types  of  reaction  channels  taking  place  in  the 
collision  systems  studied  were  identified  by  using 
various  combinations  of  isotopic  spacies  as  follows. 


A2  gas 

\ 


B2 

AB  + 

B+ 

in 

— 

AB+  + 

B 

(2) 

A  + 

B2+ 

(3) 

( 

— 

A  + 

n  n+  n 

O  T  U  ) 

(4) 

B2 

— 

a2b+  + 

B 

(5) 

— 

ab2+  + 

A 

(6) 

AB+  + 

AB 

(7) 

A2  + 

V 

(8) 

A*  + 

A  +  B2 

(9) 

A2  + 

B+  +  B 

(10) 

B2 

A,B+ 

+  AB 

(ID 

ab2+ 

+  A2 

(12) 

( 

— 

a2b+  +■ 

A  +  B  ) 

(13) 

( 

AB2+  + 

A  +  A  ) 

(14) 

A+  + 

A2  +  ®2 

(15) 

V  + 

A  +  B0 

(16) 

AB+  + 

A2  +  B 

(17) 

Here  A  and  B  are  H  or  D. 

The  integral  cross  sections  of  these  reactions 
were  determined  as  a  function  of  the  collision  energies 
from  0.1  to  1000  eV  in  the  center-of-mass  system  and 
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Fig.l  A  schematic  diagram  of  the  apparatus  used. 


kinetic  energies  of  product  ions  were  analyzed  from  the 
mass  positions  of  product  peaks  in  the  mass  spectra 
observed. 

The  obtained  cross  sections  except  for  that  of 
symmetric  charge  transfer  process  (8)  are  very  strongly 
dependent  on  the  collision  energy.  Their  energy 
dependences  can  be  classified  according  to  whether  AE>0 
or  AE<0  where  AE  is  the  exothermicity  of  reaction.  The 
reactions  of  (1),  (5),  (6),  (7),  (11)  and  (12),  which 
are  the  former  case,  are  predominant  at  low  energy 
region  and  their  cross  sections  decrease  rapidly  above 
several  electron  volts.  On  the  other  hand,  the  cross 
sections  of  reactions  which  are  endothermic  raise  up 
rapidly  from  each  threshold,  have  a  maximum  around  10 
eV  and  decrease  with  the  increase  of  collision  energy. 
The  cross  section  of  reaction  (3)  raises  up  again  above 
200  eV  very  sharply.  It  seems  that  there  are  two 
different  charge  transfer  mechanisms  in  the  H+  + 
collision  system. 

The  cross  sections  will  be  presented  and  the 
collision  dynamics  will  be  discussed. 
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The  dissociative  reconbination  of  H3+  is  a  process 
of  great  importance  to  astrophysics  and  to  negative  ion 
source  production.  A  number  of  recombination  studies 
have  been  performed1  6  which  agreed  quite  well  with  each 
other.  The  most  recent  measurement  however  indicates 
that  ground  state  H3+  (y  =  0 )  ions  have  a  very  low  recom¬ 
bination  rate  coefficient.  This  supports  theoretical 
8  9 

studies  *  which  had  also  predicted  a  small  rate  coeffi¬ 
cient  because  of  a  non- favourable  crossing  of  the  disso¬ 
ciating  neutral  state  with  the  potential  energy  surface 
of  the  ion.  Some  of  the  earlier  studies  certainly  in¬ 
volved  excited  Hj+  ions  but  for  the  studies  of  Peart  & 
Dolder  and  Biondi,  the  ions  were  believed  to  be  vib ra¬ 
tionally  cold.  Clearly  there  remains  considerable  uncer¬ 
tainty  regarding  this  important  reaction. 

An  r.f.  storage  ion  source^'*  has  been  built  in  our 
laboratory  for  productior/11^  of  vibrationally  de-excited 
ions.  The  studies  of  the  vibrational  states  of  these 
ions  emanating  from  it  haw  been  performed  by  examining 
the  threshold  for  collisional  dissociation  with  He  atoms 
in  a  low  energy  cross  beam  (ion-atom)  apparatus.  Our 
results  on  H2+  indicate  that  these  Ions  are  basically 
formed  in  the  lowest  two  vibrational  levels  under  appro¬ 
priate  source  conditions. ^1J^ 

H3+  ions  are  formed  in  the  source  mainly  through  the 
reaction  H2+  +  H2  -*  H3+  +  H.  These  ions  have  been 
examined  by  looking  at  the  threshold  level  for  the  reac¬ 
tions 

H3+  +  He  *  H+  +  H2  +  He  -  4,534eV 
-  H2+  +  H  +  He  -  6 . 185eV 

where  the  H+  and  H2+  fragments  have  been  measured.  Fig.l 
shows  the  results  of  our  measurement  where  the  relative 
cross  sections  for  the  two  channels  haw  been  plotted 
against  ion  kinetic  energy.  It  can  be  seen  that  the  H3+ 
ions  have  less  than  0.5eV  of  internal  energy. 

Later,  measurements  of  the  dissociatiw  recombina¬ 
tion  of  H3+  will  be  performed  using  this  ion  source  in 
conjunction  with  the  Merged  Electron  Ion  Beam  Experiment, 
(MEIBE)  at  UWO. 


ION  KINETIC  ENERGY  (CM)  eV  Fig.  1 
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THE  SELF-CONSISTENT  TIME-DEPENDENT,  HARTREE-FOCK  METHOD  OF  MOLECULE-ION  COLLISIONS:  THEORY  AND  APPLICATION 

Oetlev  H.  Tiszauer 

Oept.  of  Applied  Science,  University  of  California,  Davis,  California 


A  film  of  the  time  development  of  the  electron 
density  during  a  colinear  reactive  collision  of  H 
on  H^  at  i  scattering  energy  of  3eV  is  presented. 

This  time  dependent  density  was  produced  by  the 
numerical  integration  of  a  fully  self-consistent  set 
of  Time  Dependent  Hartree  Fock  (TDHF)  equations  for 
the  electrons  and  classical  equations  for  the  nuclei. 
^  The  inherent  approximations  in  this  method  are 
discussed  in  comparison  to  the  full  quantum  solution 
of  the  colinear  H+  on  H,,  collision,  and  a  comparison 

is  made  to  an  Eikonal  self-consistent  time  dependent 
(2) 

scheme.  ' 


Finally,  some  of  the  computational  problems  of  the 
coupled  TDHF  method  as  applied  to  low  energy  reactive 
molecular  collisions  are  discussed,  along  with  the 
potentials  of  this  method  for  treating  more  complex 
molecular  collision  systems. 
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Recently  perturbation  methods  have  become  highly 
promising  for  studying  rearrangement  collisions 
(reactive  scattering)  involving  atom-diatomic-molecule 
systems.  The  single-step  (single-channel)  DWBA^  has 

shown  a  good  predictive  power  for  relative  (not 

(2 } 

absolute)  angular  distribut ionsv  '  and  relative 
(3) 

cross-sections  .  A  coupled-channel-wave  perturbation 
(4) 

method  7  has  demonstrated  a  remarkable  success  even  in 
the  prediction  of  absolute  cross-sections  close  to  the 
quality  of  the  exact  close-coupling  calculations^^  up 
to  a  moderately  high  collision  energy. 

Studies  have  often  centered  on  computational 
analysis.  A  comparative  study  of  making  distinctions 
between  perturbation  methods  has  not  yet  appeared.  In 
anticipation  of  greater  use  for  the  perturbation 
methods  based  on  both  the  distorted-wave  and 
coupled-channel-wave  representations,  in  the  present 
study  we  will  place  emphasis  on  the  analytic  analysis 
of  the  distorted-wave  and  coupled-channel-wave 
transition  amplitudes  beyond  and  including  the  first 
Born  approximations,  DWBA  and  CCBA  and  make  a 
comparative  study  of  the  two  perturbation  methods.  In 
addition,  a  formal  description  of  reactive  resonance 
scattering  will  be  presented.  Some  of  the  important 
observations  obtained  from  the  present  study  are 
summarized  below. 

For  the  absolute  magnitude  predictions  of  angular 
distributions  and  cross-sections,  not  only  the 
conventional  DWBA  but  variants  such  as  the  'perturbed 
molecular  DWBA'  method  should  not  be  used  for 
rearrangement  collisions  in  which  the  contribution  of 
intermediate  Inelasic  channels  is  not  negligible.  Any 
claim  that  the  perturbed  molecular  DWBA  method 
accurately  predicts  absolute  cross-sections  is  not 
soundly  based,  since  this  method  cannot  guarantee  that 
it  correctly  accounts  for  the  effects  of  coupling  to 
the  intermediate  inelastic  channels  which  correspond  to 
the  higher  order  Born  terms. 

The  first  Born  term  or  CCBA  transition  amplitude 
in  the  coupled-channel-wave  representation  will  yield 
accurate  absolute  cross-sections  for  rearrangement 
collisions  in  which  coupling  to  Intermediate 
arrangement  channels  is  weak.  Indeed,  a  recent 


(4b)  (4a) 

study  of  H.  reactive  system  based  on  a  method 

qualitatively  similar  to  our  CCBA  methodv  1  indicates  the 

correctness  of  this  claim. 

The  second  Born  term  in  the  distorted-wave 

transition  amplitude  is  shown  to  contain  the  effects  of 

coupling  to  both  the  Intermediate  arrangement  channels 

and  Inelastic  channels.  Thus  it  is  possible  that 

consideration  of  only  the  first  and  second  Born  terms  in 

the  distorted-wave  representation  is  sufficient  for 

reliable  cross-sections  in  the  reactions  which  involve 

either  weak  or  strong  coupling  to  intermediate 

arrangement  channels,  although  they  are  less  complete 

compared  to  the  first  two  terms  that  appear  in  the 

coupled-channel-wave  representat ion.  Since  the  distorted 

wave  calculations  are  much  simpler,  such  consideration  is 

highly  desirable.  However  the  coupled-channel-wave 

transition  amplitude  which  Includes  up  to  the  second  Born 

term  is  expected  to  yield  accurate  results  close  to  the 

quality  of  the  exact  close-coupling  calculations  in  many 

elementary  direct  reaction  processes. 

Comparative  studies  of  the  distorted-wave  and 

coupled-channel-wave  perturbation  methods  will  be  of 

great  value  for  detailed  understanding  of  microphysical 

direct  reaction  mechanisms.  For  example,  the  difference 

between  the  CCBA  and  DWBA  results  will  reveal  the 

knowledge  of  the  effects  of  coupling  to  inelastic 

channels  before  and  after  the  reaction.  Finally  it  is 

hoped  that  our  present  analytic  study  of  the  transition 

amplitudes  in  the  two  different  waves  representation  will 

not  only  improve  the  discriminatory  understanding  of  the 

two  important  perturbation  methods  but  serve  as  a  guide 

for  their  effective  treatments. 
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A  SEMICLASS ICAL  THEORY  IN  PHASE  SPACE  FOR  MOLECULAR  PROCESSES: 

SCATTERING  MATRIX  AS  A  SPECIAL  CASE  OF  DYNAMICAL  CHARACTERISTIC  FUNCTION 

Kazuo  Takatsuka  and  Hiroki  Nakamura 
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I.  Introduction 

Our  primary  aim  in  this  study  is  to  present  a  new 
phase-space  semiclassical  theory  to  describe  chemically 
reactive  scattering  and  intramolecular  dynamics.  One 
of  the  difficulties  inherent  to  dealing  with  wave  func¬ 
tions  and  propagators  for  chemical  reactions  is 
associated  with  their  rapid  oscillations.  In  case  of 
a  multidimensional  problem,  it  is  extremely  difficult 
to  extract  the  scattering  (S-)  matrix  directly  from 
such  an  oscillating  wave  function.  Here  we  consider 
a  time-dependent  phase  space  function  which  gives 
directly  the  S-matrix  at  t(time)=<*.  This  function, 
called  a  dynamical  characteristic  function  (DCF) ,  is 
regarded  as  a  simple  generalization  of  the  S-matrix. 

The  DCF  extends  also  the  concepts  of  phase  space  dis¬ 
tribution  function  and  of  phase  space  path  integrals,^- 
being  defined  on  twin  phase  spaces,  with  each  of  which 
a  Hamiltonian  is  associated. 

II.  Theory 

For  two  given  wave  functions  4'1(q,t)-<q| 
expI-iH^t/fi] j  (0) >  and  $2 (q,t)=<q|expl-iH2t/ft] |$2 (0) > , 

where  the  Hamiltonians  and  H2  may  have  different 

potential  functions  V  and  V  ,  respectively,  a  DCF  is 
12  1  1 

defined  as 

a12(n,S;  nQ(t)  ,CQ(t)  ;t)=/dq<t1(q+hQ(t)  ,t)$2  (q+n,t) 

xexpUq(C-C0(t)  }/fil .  (1) 

The  set  of  the  independent  variables  (n,S)  end  the 
time-dependent  variables  (n^tt) , (t) ) ,  the  explicit 
functional  forms  of  which  will  be  determined  later, 
constitutes  two  phase  spaces.  The  DCF  thus  defined  has 
a  very  interesting  characteristic;  if  it  happens  that 
^0  ( t )  =  -.  and  *;  (t)*£,  then  ai2  equals  the  overlap 
integral  between  y^(q,t)  and  $2(q,t). 

Here  it  should  be  noted  that  the  S-matrix  itself  is 
also  an  overlap  integral,  viz., 

•iH  t/Ti  -  lHt/h 

S  _  =  lim^e  i,|  e  $ . >  ,  (2) 

i"*f  E  I 

where  is  the  Hamiltonian  for  an  exit  channel 

and  HtSH^J  is  the  full  scattering  Hamiltonian.  In 

Eq.(2),  the  origin  of  time  is  taken  practically  at  the 

remote  past.  Thus  the  S-matrix,  more  rigorously  the 

S-matrix  in  a  wave  packet  representation,  can  be 

regarded  as  a  special  case  of  DCF. 

Suppose  that  nQft)  and  £Q(t)  satisfy  classical 
equations  of  motion  on  the  potential  V^, 


n0(t)K0(t)/m,  (t) *  -  v1,(nQ(t)),  (3) 

where  m  is  the  mass. 

2 

Then  we  can  show  that  the  semiclassical  approximation 
to  the  equation  of  motion  for  the  DCF  is 

h  a12<"<C;n0(t),C0(t),t)=  fa (n.O-t* (nQ (t) (t) ) ] 
x  a  (n , £ ; n  (t) ,£  ,t) ;t)  (4) 

1Z  U  <J 

where  D/Dt  indicates  the  classical  Liouville  operator, 
which  in  turn  leads  to  classical  equations  of  motion  on 
the  potential 

=  C/m  ,  l  =  -V' (n)  .  (5) 

(q, p)  in  Eq. (4)  means  the  Lagrangian 

L^(q,p)  =  p2/2m  -  (q)  .  (6) 

Equation  (4)  can  be  integrated  exactly  to  give 
ai2(^(t) *£(t) ;nQ(t) ,CQ(t) ; t) 

.  exp[l{S1(n0(t),r;0(0))-S2(';(t),r,(0))}i 

x  a12(n(0) ,?(0) jn0<0) ,C0(0) ;0)  (7) 

where  SVs  (i=l,2)  are  the  action  integrals  taken  along 
the  classical  trajectories  defined  above.  Thus  the  DCF 
is  propagated  as  a  path  integral  in  the  twin  phase 

spaces. 

If  a  DCF  is  constructed  from  the  rapidly 
oscillating  wave  functions  of  the  form 

c.(q,t)  =  f^expt  Is.  ]  ,  (8) 

where  is  an  action  integral  and  R^  is  a  slowly 
varying  function  of  q,  then  the  error  due  to  the 

semiclassical  approximation  can  be  shown  to  be  very 
2 

small.  In  fact,  the  magnitude  of  the  error  terms  is 
expected  to  be  smaller  than  that  of  the  DCF  itself  by 
one  order  of  Ti. 

The  S-matrix  of  Eq. (2)  can  be  exprr  ssed  in  terms 
of  the  semiclassical  DCF  thus  constructed  from  the 
oscillatory  wave  functions.  The  time  evolution  of  this 
DCF  is  actually  made  by  running  the  two  kinds  of 
classical  trajectories  (nQ ( t ) , CQ ( t) )  [Eq.(3)l  and 
(i(t),£(t))  (Eq. (5)1  which  coincide  with  each  other  at 
t=°°.  The  propagation  of  the  wave  functions  is  not 
necessary. 
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Direct  comparison  between  the  single-step  DWBA*  and 

2 

exact  close-coupling  calculations  is  made  by  examining 

reactive  scattering  angular  distribution  of  H  +  **2  +  H. 

We  find  that  despite  the  fact  of  coupling  strongly  affects 

the  absolute  magnitude  of  cross  sections, 

(1)  the  structures  of  the  angular  distributions  remain 
agreeable  with  exact  close-coupling  results; 

(2)  the  difference  between  the  DWBA  predicted  state-to- 
state  integrated  (total)  cross  section  and  the  exact 
close-coupling  results  increases  with  collision 
energy; 

(3)  the  peak  position  of  reaction  probability  and  the 
range  of  impact  parameters  are  two  of  the  most 
important  factors  in  shaping  the  angular  distribution. 


Comparison  using  the  DWBA  are  made  on  the  orientation 
of  the  transfered  angular  momentum  projection  for  the 
direct  reactions  of  H  +  H2  +  H  and  H  +  D2  HD  +  D. 

From  the  knowledge  of  favored  transfered  angular  momentum 
and  its  projection,  we  find  that  the  dominant  geometric 
configuration  is  well  understood.  It  is  found  that  the 
cross  sections  exhibit  dominance  of  thu  largest  transfered 
angular  momentum  and  of  the  projection  quantum  number  of 
the  transfered  angular  momentum  m  *  0.  Details  of,  and 
diferences  between,  the  two  reactions  will  be  examined. 
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COUPLING  SCHEMES  AND  DECOUPLING  APPROXIMATIONS 
FOR  INELASTIC  AND  REACTIVE  COLLISIONS 
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The  mapping  of  three-body  interactions  onto  hyper¬ 
spheres1  allows  to  treat  in  a  unified  manner  both  inela¬ 
stic  and  reactive  collisions,  and  to  develop  a  consistent 
framework  for  the  interpretation  of  molecular  beams 
experiments  of  increasing  sophistication .  Recent  results 
along  these  lines  include  the  elucidation  of  a  number  of 
relatively  simple  problems  of  restricted  dimensionality 
(such  as  the  collinear  A  ♦  bc  chemical  reaction)^  and 
model  potentials  (such  as  the  physical  pendulum  and  the 
H6non-Heiles  potential)  of  interest  for  the  description 
of  intramolecular  mode  transitions. 5  These  techniques  are 
now  being  extended  to  treat  problems  of  increasing 
complexity. 

I.  COUPLING  SCHEMES 

The  usefulness  of  developing  alternative  coupling 

schemes  in  the  treatment  of  atom-atom  collisions  has  been 

4 

demonstrated,  in  a  number  of  previous  investigations: 
they  allow  a  physically  motivated  description  of  experi¬ 
mental  effects  and  a  framework  for  efficient  decoupling 
approx i ma  t i on s . 

Their  extension  to  atom-molecule  interaction  is  made 
possible  by  the  introduction  of  a  discretization  procedure, 
which  is  based  upon  the  theory  of  representation  for  the 
higher  rotation  groups.5  The  technique  allows  the  close¬ 
coupling  expansion  over  complete  and  orthonormal  sets 
which  have  very  convenient  convergence  properties,  supe¬ 
rior  to  the  usual  ones  expecially  when  the  interactions 
are  strong. 

II.  THE  ROLE  OF  ROTATIONS  IN  MOLECULAR  COLLISIONS 

An  analysis  of  alternative  coupling  schemes  for 
atom-molecule  collisions  is  presented,  with  particular 
reference  being  made  to  recent  experimental  results  from 
our^  and  other  laboratories.  The  regions  of  validity  of 
the  various  diabatic  representations  are  assessed,  an 
adiabatic  approximation  is  introduced  and  the  role  of 
ridges  in  the  potential  for  nonadiabatic  effects  is  indi¬ 
viduated:  the  analogy  with  similar  effects  in  other  con¬ 
texts  is  stressed.  In  particular,  the  usefulness  of  the 
discrete  angular  representations5  is  demonstrated. 

III.  DECOUPLING  APPROXIMATIONS  FOR  ELEMENTARY  CHEMICAL 

REACTIONS 

The  theory  of  elementary  chemical  reactions  can  be 
effectively  formulated  as  a  three-body  collision  problem 
in  hyperspherical  coordinates.1  Although  the  problem 
restricted  to  collisions  on  a  line  is  relatively  easy  to 


be  solved,  and  its  investigation  has  provided  interesting 

2 

results  on  kinematic,  resonance  and  interference  effects 
its  extension  to  the  full  three-dimensional  case  is 
nontrivial . 

Progress  along  this  line  include: 

i)  a  systematic  characterization  of  properties  of 
alternative  coordinates; 

ii)  the  development  of  the  coupling  approximations  by 
individuation  of  approximately  conserved  quantum  numbers 
(see  Ref.  7  for  an  example  restricted  to  Coulomb  three- 
body  interactions) ; 

iii)  the  implementation  of  discrete  angular  representat¬ 
ions5  in  this  context; 

iv)  the  assessment  of  relative  merits  of  approximations 
of  classical  or  semiclassical  type. 
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ASSOCIATION/ DISSOCIATION  IN  DENSE  GASES 
M.  R.  Flannery 

School  of  Physics,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332,  USA 

A  comprehensive  theory^-  is  developed  for  the  time- 
dependent  relaxation  of  some  initial  non-equilibrium 
distribution  of  (dissociated  or  molecular)  subsystems 
AB  towards  eventual  equilibrium  with  a  gas  M  via  the 
assoc iation/dissociat ion  processes, 

A  +  B  +  M  *  AB  +  M  . 

Various  sets  of  Master  Equations  for  the  evolution 
of  the  two  particle  distribution  function  of  subsystem 
(A-B)  are  derived  in  terms  of  the  internal  energy  E, 
internal  angular  momentum  L  and  internal  separation  R  of 
AB  via  streaming  and  collisions  with  the  heat  bath  M. 

Expressions  are  obtained  for  the  overall  macro¬ 
scopic  rates  RA’D(t)  at  time  t  of  association  (A)  and 
of  dissociation  (D)  in  terras  of  collision  kemals  and  of 
the  net  probability  P^’^of  collisional  association  (A) 
or  dissociation  (D)  of  molecules  AB(v^)  in  bound  vibra¬ 
tional  levels  v^. 

The  theory  naturally  leads  to  derivation  of  a  new 
Variational  Principle  which  states  that  the  probabilities 
P^’D  are  such  that  the  macroscopic  rates  at  any 

time  t  are  extrema.  If  the  overall  direction  is  associa¬ 
tion,  then  rV)  is  minimum  and  R°(t)  is  maximum  and  the 
time  evolution  towards  equilibrium  is  hindered.  This 
Principle  permits  an  alternative  procedure  to  direct 
solution  of  the  Master  Equations  -  a  set  of  coupled 

integro-dif ferential  equations  -  by  the  direct  search 
A  D 

for  extrema  in  the  rates  R  *  (t).  These  extrema  are  then 
the  required  rates  for  the  process.  Accurate  trial  solu¬ 
tions,  based  on  weak-collis ion  approximations,  have  in 
general  been  derived  and  these  converge  very  rapidly 
onto  the  exact  numerical  results. 

This  Variational  Principle  is  shown  to  be  the  full 
generalization  of  the  so-called  "bottleneck”  method 
which  seeks  a  minimum  (located  at  the  bottleneck)  to 

the  one-way  equilibrium  rate,  useful  in  the  absence  of 

A  D 

any  knowledge  of  the  above  probabilities  P^*  . 

This  research  is  supported  by  AFOSR  Grant  No. 

AFOS R-84-0233. 
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THRESHOLD  FRAGMENTATION  OF  THE  THREE  -  BODY  SYSTEMS : 

THE  CLASSICAL  THEORY 

N.  Simonovic  and  P.  Grujic 

Institute  of  Physics,  P.O.  Box  57,  11000  Belgrade,  Yugoslavia 


The  theory  previously  developed  to  describe  the 
near-threshold  behaviour  of  the  double-escape  functions 

for  the  system  with  an  ion,  electrons  and  positrons  in 
1  2 

the  final  channel,  ’  has  been  generalized  to  the  class 
of  the  inverse  power  law  potentials,  with  arbitrary  mas¬ 
ses  of  the  outgoing  particles.  This  allows  the  dis¬ 
sociation  cross  section  behaviour  just  above  the  brea¬ 
kup  threshold  to  be  estimated  as  function  of  the  to¬ 
tal  energy.  We  consider  the  onedimensional  final-state 
configuration  of  the  process 

(ABO*  -  A  +  B  +  C  (1) 

where  the  Ihs  denotes  an  intermediate  excited  complex 
of  three  atoms,  which  may  correspond  to  a  number  of 
initial  channels.  We  apply  the  generalized  Wannier 
classical  theory  to  deduce  the  exponent  in  the  thres- 


which  in  our  case  read 

k  ,  _ 

E  -  9  E,  R.^t)-  0  R  (0*  O 


with  e  a  real  parameter.  If  we  confine  ourselves  to 
the  analytically  tractable  easel  B=  C  (symmetric  conf.)t 
we  have:  0  =■  -1,  0’  =  0  =1  and  v  in  the  equation  (7)  ap¬ 
pears  imaginary  for  k  <  19:  v  =if.  Then  the  dissocia¬ 
tion  cross  section  behaves  for  E  -  0  as 


o  -  E  ,  x  =  (*y+  a  y )  /k  ( 

We  quote  some  of  the  results  for  the  typical  cases. 
The  Coulomb  interaction:  k  =  l 
(i)  m1»m2=m3  ,  C12=C13=  ~Z  au*’  C23=i  au* 
x  (Z=l)  =  1.127  (Wannier  case) 


u.nere  E  is  the  threshold  ^ne-gy  of  the  dissociation 
tn 

of  the  initial  system,  with  the  final-state  interac¬ 
tion  at  Iar*e  i nte»”atofr: c  sera**  =it  ions  V  .  We  shall 


(il)  H%H  -  2H*+e~  :  x  =69 .74 


These  results  have  been  obtained  previously  by  Klar,  by 
his  WKB  theory. 


van  der  Waals  interaction:  k=6 


r'estr'ict  ourselves  to  the  plane  case,  *ith  the  total 
angular  momentum  L-0.  Waiting  see  Fig.i  j  j||r  ,#JR) 


(i)  m1»  x  =1  (Wigner  case) 

(ii)  A  s  B  :  x  =1.526 


Cases  with  k=2,3  shall  be  considered  too 


R,^  =  P  ♦  A  ♦  6,  r  r0F*B’a  ♦  ff’  1 

i-  1 3 


one  obtains  from  the  Newton  equations  fo-  the  small 
relative  deviations 


y-au  u*an 


I  C .  -a-b  it ’'ary 


Du-av  DTr*av 


y  =  ~L[~~  ,a  =  ,  U  =  Vl+4A*  ,  v=Vi+4A"  (1 

k  +  ? 

kfk  +  Dtm^^+m^m^d-B)  ][C,2+C2^1“3'W  |l-B|  ] 

2(i+^)2[m1m2^m2m3(l-0'  )  ][C^2+Cg(  i-0.1  /  |i-0  |k  ] 


V  (B  -  &") 

k+1 


The  correlation  parameters  B  are  obtained  In  the 
2 

standard  way.  We  make  use  of  the  scaling  laws, 


FIGURE  1.  The  final-state  configuration. 

This  work  has  been  supported  by  RZN  of  Serbia. 
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SYMMETRY  PROPERTIES  OF  3-FERMIOIi  SYSTEMS  I H  TV.'C  IDEuTICA. 


Shen  Hengyi,  Birte  Chr  i  s  t  en  sen-Dai  sga  ard  and 
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In  this  paper,  the  hyperspherical 
coordinate  method  is  used  to  study  three- 
Fermicn  systems  in  which  twc  particles  are 
identical  and  the  third  different,  extending 
earlier  studies  by  Burden.*  In  H  ,  the  third 


r article  is  much  heavier  than  the 


identical 


particles,  whereas,  in  the  opposite  is  true. 
However,  from  the  standpoint  cf  *h*  intrinsic 
symmetry  group  of  the  Hamiltonian,  H  and  :\+ 
are  the  same,  a' e  car.  therefore  construct  a 
correlation  diagram  representing  a  sm  utr. 
transition  from  H  to  charge-reverse.:  H?  , 
with  *  he  mass -rat  in  as  a  variable  parameter. 

The  symmetry  labels  are  preserved  ir.  this 
t  rar.s  it  i  r  n  ,  although  the  energies  depend 
strongly  on  the  mass -rati:.  Application  . f  the 
hyperspherical  coordinate  method  to  this 
treble.-,  is  of  special  interest,  since  i  t  avoids 
both  the  i  ndeper.dent -part  i  cl  e  apprexi  mat  it  r.  and 

the  Ec  rr.-Cppenheimer  approximation.  As  Herrick 
o 

and  Kellmann*  have  pointed  out,  correlation  of 
t  he  e  1  ec  t  rcr.  i  c  wave  func  t  ion  in  an  at  cm 
produces  a  mol ecuie -1 ike  "structure".  Thus  the 
excited  states  of  (for  example)  helium  have 
features  which  are  similar  to  *  he  vibrational 
states  cf  a  linear  tri atomic  nr>.’ 

Conversely,  when  a  molecule  has  suffi**  lent 
vibrational  energy,  the  nuclear  wave  f  <n  '♦*.  i ns. 
become  delocalised  and,  as  Lor.guet-Higgi  r.c  has 

„  "3 

pointed  out,’  the  molecular  point  group  is  no 
longer  appropriate  for  the  analysis  cf  the 
spectrum.  The  purpose  cf  the  present  paper  Is 
to  study  which  features  of  the  eigenfur.c*  i 
remain  constant  and  which  change  in  a  *  rar.s. :  ior. 

a  smoothly-varying  parameter. 

I  r.  the  present  w r k  we  use  *  h o 
:oordi r. a t  e s 


-rJ 

V'  ■ 


n  r  s  h  o  vr.  i  r.  the  fig  u  re.  A  f  *  e  r  s  p  a  r  a  * 
center  of  mass  notion,  we  obtain  the 
Hamiltonian 


1(1  ♦  1  )7S 

2  U  '  1 


where  u  -  m . m . / ( n . +m . 

id  id 

identical  particles. 


exhibits  t he  limits  H 
p/m.  -  1  ,  so  that  *h 
r  e  1  a  *  i  v  mo  t  i  o  r.  .  f  *.  r. 


t  n  e  a  p  p  r  o  x  i  m  a  *  e  ri.:; 
group  to  fail. 

To  make  the  a c *.  u 
h  y p  e  r  s  p  h e  r i c a 1  coord i 
defines  by  p “  d  I r  I  “ 
V.’e  use  the  a  d  2*  a  b  at  :  : 
the  Sc hro dinger  equst 


f o r  the  rad  i  a  1  r. o *.  1  c  r. 


1.  r  ,  R  .  Burden ,  J.  ?h 
?  .  .  E  .  Kell  mn  r.  r.  and 
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THREE  PARTICLE  BOUND  STATES 
Joseph  Macek 

Be'nlen  Laboratory  of  Physics,  University  of  Nebraska,  Lincoln,  NE 


68588-0111  USA 

1 

Efimov-1-  showed  that  three  bosons,  all 
interacting  through  snort  range  forces  of  a 
strength  such  that  two  alone  form  a  zero  energy 
bound  state,  exhibit  an  energy  spectra  with  an 
infinite  number  of  bound  states.  This  was 
demonstrated  by  separating  the  three  particle 
Schrodinger  equation  for  zero  range  potentials 
in  hyper  spherical  coordinates  (R,."i)  and  showing 
that  the  hyper-radial  equation  incorporated  an 
effective  potential  E/r2  with  S  =  -  5.  Since 
an  infinite  number  of  bound  states  exist  when 
b=  -  4.25  it  follows  that  there  is  an  infinite 
number  of  three  particle  states  bound  in  the 
effective  hyper-radial  potential.  When  non¬ 
zero  range  potentials  of  range  b  are  present, 


6(R)  for  three  particles  interacting  through 
square  well  potentials  was  calculated  for  large 
R.  The  preliminary  result  of  these  calculations 
is  8(R)  =  -4.75  +  0 ( 1/R) .  Since  8=  -4.75  gives 
a  more  attractive  potential  than  the  critical 
value  of  ?=  -4.25,  the  approximate  potential 
8(R)/R2  supports  an  infinite  number  of  bound 
states. 

Support  for  this  research  by  the  National 
Science  foundation  under  grant  number  PHY81-07J47 
is  gratefully  acknowledged. 

References 

1.  V.N.  Efimov,  Yad.  Fiz.  10,  107  (1969). 

[English  Translation:  Soviet  J.  of  Nuc.  Phys. 
12,  589  (1971). 

2.  J.  Macek,  J.  Phys.  B  1,  831  0  968), 


the  effective  hyper-radial  potential  -5/R2 
holds  only  asymptotically. 

Extension  of  this  result  to  obtain  an 
effective  potential  valid,  at  least  approximately, 
for  all  hyper-radii  is  accomplished  by  employing 
the  hyperspherical  adiabatic  approximation2.  In 
this  approximation  the  three  particle  wave  func¬ 
tion  ¥  lias  the  form, 

¥  (R,  ■!)  =  i(R;  2  )  F  (R) 

where  : (R;2)  is  an  adiabatic  hyperspherical 

function.  It  is  not  necessary  to  obtain  KR;n) 

exactly,  rather  an  upper  bound  to  the  effective 

potential  is  obtained  by  using  a  variational 

function  for  *(R,T.  )  .  One  then  obtains  an 

5 

effective  potential  s(R)/R  for  any  type  of 
potential  at  any  R. 

To  test  the  reliability  of  this  approxima¬ 
tion  with  relatively  simple  trial  functions, 
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Barium  vapor  is  extensively  studied  both  in  laser 

experiments  and  in  collision  experiments. 

*  «  + 
Firstly,  we  determine  a  potential  model  for  Bi  ion 

+  + 

describing  the  active  electron  interaction  with  the  Ba 
ion  core. 

Secondly,  we  calculate  the  adiabatic  potential 
energies  of  (BaH)**,  (Ba  Li)**,  (Ba  Na)**,  (Ba  K)**, 

(Ba  Rb)**  and  Ba^  molecular  ions. 

In  the  model  determination  of  Ba*,  the  difficulty 
lies  in  the  fact  Chat  Che  5d  excited  state  is  located 
between  the  6s  ground  state  and  the  6p  excited  state 
(see  Table  1 ) . 

The  main  purpose  of  this  abstract  is  to  obtain  the 
simplest  description  of  Ba*  while  retaining  a  reasonable 
degree  of  accuracy. 

Usually  in  this  situation  we  have  to  choose  between 
an  "1"  dependent  pseudo-potent ial  and  a  model-potential 
including  core  states.  We  propose,  here,  a  "PSEUDO-MODEL 


We  note  also,  for  immediate  R  values,  two  well-depths 
of  0.1  eV  at  R^9.2  a.u.  and  0.25  eV  at  RM  5  a.u,  for  the 
Z  states  correlated,  for  R^  °°,  to  H*Ba*(6s)  and  H  Ba*(6p) 
states  respectively. 

This  work  was  partially  supported  by  the  Service  de 
Physique  des  Atomes  et  Surfaces  du  C.E.N.  SACLAY  GIF  sur 
YVETTE  FRANCE. 

Table  1  :  Ba*  spectroscopic  energies  (eV.) 

State  6s  5d  6p  7s  6d  4f  8s 

Energy  (eV)  -10  -9.34  -7.39  -4.75  -4.3  -4.01  -2.8 

Table  2  :  (Ba**-e)  interaction  :  V  =  -2/r-1 .26  exp(-0.3r) 


Exper imental 
states 
4s 
5s 
5P 


Pseudo-model 
states 
1  s 


Energies  (a.u.) 
Calculated _ Exper  im . 

-  4.9519  Core  State  ? 

-  1  .0289  Core  State  ? 

-  1.016  Core  State  ? 


POTENTIAL"  which  involves  the  association  of  an  "1"  in¬ 

6s 

3s 

-  0.3676 

-  0.3676 

i'  dependent  pseudo-potential  and  a  model-potential  with 

5d 

3U 

-  0.3432 

-  0.3432 

f.  reduced  number  of  core  states. 

6p 

3p+  4p 

-  0.265 

-  0.2701 

H  The  Ba  -e  interaction  is  represented  by  : 

t  s 

-  0.1/36 

-  0.1746 

h  i)  An  Hellmann  type  potential 

6d 

4d 

-  0.1626 

-  0.1577 

L-  V  =  Z/r  ♦  A  exp  (-2Kr)/r 

4f 

4f 

-  0.1505 

1 

o 

f  % 

*  with  2  adjustables  parameters  :  A  and  K 

8s 

5s 

-  0.1025 

-  0.1032 

L  .  ii)  3  hydrogenlike  core-states  (Is,  2s,  2p) 

7P 

5p 

-  0.1002 

-  7 

hm  iii)  2  hydrogenlike  pseudo-valence  states  (3p,  3d) 

7d 

5d 

-  0.0959 

-  0.0949 

reproducing  exactly  the  ground  and  the  first  excited 
states  (see  Table  2). 

iiii)  A  linear  combination  (!3p>+4p>)  of  hydrogenlike 
pseudo-valence  states  to  reproduce  better  than  2%  the 
experimental  6p  energy  state.  The  results  are  -eported 
in  Table  2. 

The  "pseudo-model  potential"  parameters  (A,  K)  and 

the  exponential  coefficient  "e  ."  wave  functions  are 

n ,  1 

obtained  by  a  variational  procedure  so  as  to  yield  the 

observed  values  E.  ,  ECJ  and  E,  for  the  6s,  5d  and  6p 
6s  5d  6p  r 

states  of  the  Ba  .  To  obtain  the  good  experimental  6p 
energy,  we  need  a  linear  combination  ( 1 1'fl  (  i  3p>+  (4p>) 
pseudo-states ,  when  the  separated  contributions  of 
theses  states  are  -0.3595  and  -0.1711  a.u. 

Finally  the  calculated  1  potential  curves  for  the 
double  ionized  ion  (Ba  H)**  are  plotled  on  figure. 

For  the  ground  i  state  H(1s)Ba**  we  predict  a  well 
depth  of  (1.46  eV  at  5  a.u.). 

We  note  the  slow  decreasing  behaviour  (1/R)  for  the 
H*  Ba*(n,l)  type  states. 
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A0  INITIO  STUD  It  I  y  SL'jL  Li*  -  Li*  AND  .a*  -  Na*  C-LLlSZC.'jS 
I.L.  Cooper, *  A. 5.  Dickinson,^  and  5.K.  Sur' 
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Current  interest  in  collisions  between  heavy, 
homonuclear  ions  originates  from  their  importance 
in  neavy-ion  fusion  studies.  The  design  of  the 
storage  rings  for  intense  ion  beams  of  GeV  energies 
critically  depends  on  the  cross  sections  for  charge- 
transfer  collisions  between  the  constituent  ions  of 
the  beam.  Singly  ionised  alkali  atoms  uith  their 
closed  outer  shells  are  the  obvious  choices.  Whereas 
Cs  has  attracted  the  most  interest  because  of  its 
ease  cf  production,  a  series  of  measurements  for  Rb4" 
K+ ,  :ia+ 1  and  li+  also  have  been  available^  for  some 
time,  providing  the  scope  for  a  systematic  evolution 
cf  the  theory  from  simple  to  increasingly  complex 
systems.  However,  relatively  few  theoretical  studies 
have  been  undertaken  so  far  on  these  systems. 

51ou  collisions  between  atomic  systems  can  be 
studied  using  the  method  of  perturbed  stationary  states 
according  to  which  electronic  transitions  are  associa¬ 
ted  with  the  close  approach  of  the  potential  energy 
curves  of  the  auasi-molecule  formed  by  the  colliding 

er-.-ir*  i  05  . 

ue  have  undertaken  ab  initio  studies  of  some 
of  the  above  identical  alkali-ion  systems.  Potential 
curves  for  Li-,++  and  ■y,a 2 *  hav/e  been  obtained  by 

configuration  interaction  (Cl)  calculations  using 
h 

the  TOROCI  packaqe.  The  molecular  orbitals  used  as 
input  to  the  Cl  calculations  are  obtained  from  self- 
consistent-field  Hartree-Fock  calculations  with  the 

c, 

GAME55  package." 

For  Li  2++  ,  the  Cl  excitation  energies  of  the 
lowest  four  1Cg+and  four  1 Hg  states  studied  are  within 
C.S*  of  the  spectroscopic  values,  while  for  ha  -++, 
the  difference  is  slightly  less  than  3%. 

The  potential  Curves  for  Li^"*"*"  at  small  R  shown  in 
figure  1  are  conveniently  plotted  relative  to  the  ground 
1  Ig*  state.  The  basic  excitation  mechanism  is  the  pro¬ 
motion  of  tne  2pC  C,  as  for  the  isoelectronic  system 
•  -He.'  Thib  leads  to  a  degeneracy  of  the  2'lg+  an  4 
'  Vg  "’oincui.ai  -  fates  at  the  U A  state 
C*  +  (  1  r/iT-)  5  !  2,-  .  ' -j )//i\.  Here  rotational  coupling 

ma /  cause  tKe  excitation  of  the  2 p  electrons.  At, 

interred!  ste*  inter  nuclear  distances,  the  p:.«»uir- 

1  +  l * 

crossing  between  f'-.-  1  ‘7. g  and  ?  Ly  states  at  R  -  :j 

arises  from  a  crossing  between  the  diabetic  2 sc  and 

g 

2 pc  ,  Cs. 


INTERNUCLEAR  DISTANCE 


F igure  1 . 

Potential  Curves  for  Li^+  -  "*Ig*  states,  ...  ..z  states 

For  Ma^++  ,  the  molecular  states  at  large  and  small 
v/al  1  ipc  of  °  m •» 1 1 f : r  t  i - 1 1 1  r  f 7 
those  of  Li->+  +  .  The  basic  excitation  rechanisr,  nr,_ever 
proceeds  through  a  promotion  of  the  uf  0  1C,  as  for 

the  iso-elect r cnic  system  \e-Ce. 

Further  clarification  of  the  excitation  and  charge- 
transfer  processes  can  be  obtained  from  a  knowledge 
of  the  various  radial  and  rotational  couplings.  Calcu¬ 
lations  for  these  are  no-  in  progres:  anc  will  be 
reported  at  the  : /mposium. 

This  jot'  i:  supported  b,  a  grant  f : c-  the  Science 

and  Engineering  Research  Council. 
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In  previous  work  in  this  laboratory  (see  review*) 
we  have  studied  charge  transfer  and  ionisation  in 
collisions  between  positive  ions  at  keV  energies  by  the 
use  of  an  intersecting  beam  technique. 

In  the  present  work,  we  have  measured  cross 
sections  <j(X2+)  for  X2  +  production  from  the  combined 
processes  of  charge  transfer  (with  cross  section  oc) 

H+  +  X+  -►  H  +  X2+  (1) 
and  ionisation  (with  cross  section  0|) 

H+  +  X+  H+  +  X2+  +  e  (2) 

for  the  target  ions  Al  +  ,  Ga+.  In+  and  Tl+. 

An  understanding  of  reactions  of  this  type  is 
relevant  to  particle  loss  and  plasma  cooling  in  Tokamak 
devices  through  collisions  with  impurities.  A 
knowledge  of  such  cross  sections  is  also  required  for 
plasma  diagnostics  using  heavy  ion  beam  probes.  The 
present  study  with  ions  of  the  Group  III  B  elements  has 
been  designed  to  explore  the  extent  to  which  measured 
cross  sections  relate  to  other  relevant  data  and  to 
simple  scaling  relations. 

Measurements  have  been  carried  out  at  c.m. 
energies  within  the  range  60-580  keV.  In  each  case, 
the  target  ions  were  produced  from  a  thermionic  source 
thereby  ensuring  that  only  ground  state  species  were 
present . 

At  the  lower  impact  energies,  charge  transfer 
process  (1)  is  expected  to  provide  the  main 
contribution  to  our  measured  values  of  c(X2+). 
Comparison  is  made  with  theoretical  values2  for  H+-T1+ 
and,  in  the  case  of  B4'-A1+  collisions  with  cross 
sections-*  for  the  inverse  charge  transfer  process 

Al2+  +  B  -►  Al+  +  H+  (3) 

assuming  that  initial  and  product  excited  states  are 
not  greatly  different.  Direct  measurements  of  ac  ate 
also  being  carried  out  by  counting  the  X2+  products  in 
concidence  with  the  H  etoms  formed  from  (1)  in  the  same 
events. 

At  the  higher  energies,  where  ionisation  provides 
the  main  contribution,  our  measured  cross  sections  for 
Al*,  Ga*  and  Tl+  are  compared  with  previously  measured 
cross  sections* *5 for  ionisation  by  equivelocity 


Figure  1  :  Cross  section  c(X2+)  for  X2+  formation  in  H+ 
+  X*  col 1 isions. 

•  T1  A  In  f  Ga  0  A1 


electrons.  A  simple  classical  scaling  relation^  has 
previously  been  successfully  applied  to  ionisation  of 
light  ions  by  H+  impact.  A  modification  of  this 
relationship  to  take  account  of  inner  shell 
contributions  yields  a  universal  scaling  law  of  the 
form 


•i  ■  r2  H  *1  L  ”i/u? 


where  R  is  the  Rydberg  constant,  Zp  is  the  projectile 
charge,  uj  is  the  ionisation  energy  of  the  electrons  in 
the  i**1  subshell  and  nj  is  the  number  of  such 
electrons.  This  simple  expression  is  shown  to  give 
reasonable  agreement,  to  within  a  factor  of  2  with  our 
experimental  values  of  e(X2+) . 
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IONIZATION  AND  CHARGE  TRANSFER  TOTAL  CROSS  SECTIONS  FOR  H  +  Li  COLLISIONS 


C.O.  Re  in ho  Id  and  C.A.  FalcGn 

Instituto  de  AstronomTa  y  Ffsica  del  Espacio,  C.C.:67,  Sue. :28,  1*428  Buenos  Aires,  Argentina 


Classical  Trayectory  Monte  Carlo  (CTMC)  calculations  have 
been  performed  to  determine  total  cross  sections  for  the 
reactions: 

H+  +  li+  - ¥  H  +  Li2+  (1) 

H+  +  Li+  - *  H+  +  Li2+  +  e'  (2) 

The  calculations  were  carried  out  between  82  and  350  KeV. 
(CM)  where  experimental  results^  for  charge  exchange  and 
Li  production  are  available.  The  collision  dynamics  is 
solved  by  numerical  integration  of  Hamilton's  classical 
equations  of  a  three-part ic le  system  composed  of  a  proton, 
a  L i core  and  one  active  electron.  The  cross  sections 
for  the  processes  (1)  and  (2)  are  obtained  by  statistical 
methods  after  having  analysed  the  reaction  products  of  a 
large  number  of  trayectories  with  randomly  chosen  initial 
conditions.  In  addition,  the  independent  electron  model 

is  assumed  to  hold.  The  CTMC  method,  originally  proposed 
2 

by  Abrines  and  Percival  ,  is  well  adapted  to  calculate 
charge  exchange  and  ionization  processes  for  colliding 
systems  where  the  three  particles,  explicitly  considered, 
are  subject  to  Coulomb  interactions  between  them.  The 
case  of  more  general  systems  have  been  treated  in  almost 
all  the  calculations  up  to  now  replacing  the  real  inter¬ 
actions  by  Coulomb  interactions  with  appropiate  effective 
345 

charges  ’  ’  .  The  use  of  general  potentials  present  no 
problem  for  the  integration  of  Hamilton's  equations.  How¬ 
ever,  in  this  case,  the  variables  proposed  by  Abrines  and 
2 

Percival  to  generate  the  initial  electronic  conditions 
using  the  mi crocanon i ca I  ensemble  are  not  uniformly  dis¬ 
tributed.  Me  Dowell  and  co-workers^  have  used  model  po¬ 
tential  interactions  to  study  electron  capture  and 
ionization  in  collisions  of  He  +  with  H  and  He+  targets 
and  their  inverse  capture  reactions.  In  the  conference  we 
shall  outline  an  alternative  method  that  we  have  developed 
for  the  generation  of  the  initial  electronic  conditions 
in  the  case  of  non-coulomb  interact  ions.  In  this  method, 
five  uniformly  distributed  variables  are  obtained  that 
enable  to  determine  the  initial  electronic  state.  The 
method  is  valid  for  general  potentials  and  is  of  easier 
numerical  implementation  than  the  method  of  Abrines  and 
Percival  in  the  sense  that  Kepler's  equation  for  the 
electronic  orbit  need  not  to  be  integrated.  We  have  used 
this  method  to  calculate  the  total  cross  sections  for 
reactions  (1)  and  (2).  The  electron  single  capture  cross 
section  is  plotted  in  figure  la.  In  figure  lb  it  is  shown 
the  total  cross  section  for  Li^  production  obtained  by 
addition  of  single  capture  ar'd  single  ionization  cross 
sections.  In  the  same  figures  we  also  show  standard  CTMC 


calculations  by  Olson  as  reproduced  in  the  article  of 
Sewell  et  al!  .  The  agreement  of  our  theoretical  re¬ 
sults  is  most  encouraqinq. 
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ELECTRON  TRANSFER  IN  COLLISIONS  BETWEEN  PROTONS  AND  LI  IONS 
Thomas  G.  Winter 

Department  of  Physics,  Pennsylvania  State  University 
Wilkes-Barre  Campus,  Lehman,  Pennsylvania  18627 
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With  the  exception  of  He  ,  very  little  theoretical 
1  2 

work  *  and  no  experimental  work  appears  to  have  been 
done  on  electron  transfer  in  collisions  between  protons 
and  hydrogenic  ions  (He+,  Li"*"*",  . ..)  at  intermediate 
energies.  Such  processes  are  the  simplest  examples  of 
non-resonant  electron  transfer. 

As  has  already  been  shown  for  the  case  of  He+ 

3-5 

ions,  continuum  intermediate  states  are  very  impor¬ 
tant  to  bridge  the  gap(s)  between  the  tightly  bound 
initial  state  and  one  or  more  relatively  weakly  bound 
states  centered  on  the  proton.  These  continuum  states 
are  mostly  "centered  on"  He  ,  Li  ,  . . . .  They  would  be 
expected  to  become  more  and  more  important,  the  more 
non-resonant  the  collision.  At  the  same  time,  the  cross 
section  for  electron  transfer  would  be  expected  to 
become  very  small  as  the  nuclear  charge  of  the  hydrogenic 
ion  is  increased.  At  keV  proton  energies,  the  initial 
and  final  states  would  be  expected  to  be  strongly  coupled 
to  the  intermediate  states,  as  is  the  case  for  He+. ^ 

A  coupled-state  approach  using  a  pseudostate  basis  such 

as  a  (systematic)  Sturmian  basis  *  *  is  therefore 

+  3 

appropriate,  as  applied  by  the  author  to  He  targets  ; 
other  pseudostate  methods  have  also  been  applied  by 
4,5 

others. 

To  explore  trends  in  collisions  of  this  type,  the 
next  more  highly  charged  hydrogenic  ion,  Li  ,  is  being 
considered  here.  A  preliminary  result  has  been 
obtained  for  the  electron  transfer  probability  at  one 


impact  parameter  and  energy — a  proton  energy  of  17.5 
4+ 

keV  relative  to  Li  (corresponding  to  a  relative 
velocity  of  0.837  a.u.).  The  result  is  orders  of 
magnitude  below  that  for  He+  ions  at  the  same  energy 
and  impact  parameter.  (Of  course,  the  energy-  and 
impact-parameter  dependence  are  expected  to  be  different 
for  the  two  cases.)  In  spite  of  this  very  large 
reduction  on  changing  the  ion,  the  results  still  appear 
to  be  stable:  For  example,  no  state  tested  beyond  the 
26  basis  states  finally  included  (most  of  which  are 
centered  on  the  Li  nucleus)  contributes  more  than  2%  to 
the  total  capture  probability;  the  Sturmian  basis  is  net 
very  much  larger  than  that  used  by  the  author  for  He+ 

3 

ions.  A  more  complete  study  is  now  being  carried  out: 
convergence  with  respect  to  the  size  of  the  basis  is 
being  studied  at  several  energies  and  impact  parameters, 
and  cross  sections  obtained  by  integrating  the 
probabilities  over  impact  parameter  will  be  reported 
at  several  energies. 
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CROSS  SECTIONS  FOR  ELECTRON  CAPTURE  AND  IONIZATION  IN  H*  *  He*  COLLISIONS' 


K.Rinn,  F.Melchert,  K.Rink  and  E.Salzborn 
Institut  fiir  Kernphysik,  Universitat  Giessen,  D-6300  Giessen,  West  Germany 


A  crossed-beams  experiment  has  been  set  up  for  the 
measurement  of  cross  sections  for  electron  capture,  oc> 
and  ionization,  ci ,  in  ion-ion  collisions.  First,  results 
were  obtained  for  the  reactions 

H+  +  He*  — >  H°  +  He2*  (1) 

H*  +  He*  1 >  H*  +  He2*  +  e  (2) 

in  the  center  of  mass  energy  range  8  keV  <  Ecm  <  100  keV. 

Two  well  collimated  and  momentum  analyzed  beams 
(H*:  10-150  keV,  He*:  5-15  keV)  are  arranged  to  inter¬ 
sect  in  an  ultra  high  vacuum  chamber.  The  collision  pro¬ 
ducts  formed  in  both  beams  are  separated  by  electro¬ 
static  analyzers  from  the  parent  ion  beams  and  detected 
by  single  particle  detectors.  The  overlap  of  the  two 
beams  is  measured  by  a  scanning  slit  which  is  moved 
perpendicularly  across  the  interaction  region. 

Although  the  experimental  approach,  in  principle, 
appears  to  be  straightforward,  inherent  difficulties 
result  from  the  low  ion  densities  obtainable  in  the  two 
intersecting  ion  beams.  Since  the  residual  gas  density, 
even  at  pressures  of  1  - 1 0 _ 1 0  mbar,  exceeds  the  ion 
beam  desities  by  orders  of  magnitude  a  low  signal  rate 
(~  Hz)  has  to  be  detected  in  the  presence  of  a  large 
background  rate  (~  kHz)  of  reaction  products  originating 
from  ion  collisions  with  residual  gas  particles. 

A  coincidence  technique  was  employed  to  separate 
signal  from  background  events  in  measuring  the  cross 
section  for  electron  capture.  The  cross  section  o. 
for  ionization  is  obtained  from  the  difference 
o .  =  0£+  -  oc  with  0£+  being  the  cross  section  for  the 
total  He2*  ion  production  (sum  of  reactions  (1)  and  (2)). 
In  measuring  0£+  a  beam  pulsing  technique  was  employed 
to  discriminate  signal  from  background  events. 

Careful  tests  were  performed  to  ensure  the  proper 
function  of  the  apparatus.  Difficult  but  very  important 
is  a  unity  transmission  probability  through  the  analy¬ 
zers  even  for  particles  scattered  in  the  reaction  ob¬ 
served.  The  analyzers  were  designed  carefully  to  reach 
maximum  angular  acceptance.  Small  variations  of  the 
analyzer  voltages  did  not  change  the  reaction  rate  mea¬ 
sured,  indicating  the  detection  of  all  products.  Cross 
sections  for  eve.y  single  center  of  mass  energy  were 
determined  with  different  energy  combinations  of  the 
beams  in  the  laboratory  frame.  No  dependence  on  the 
laboratory  energies  was  observed. 


Fig.  1  shows  a  coincidence  spectrum  of  the  collision 
products  H°  and  He2*  of  the  electron  capture  reaction  (1). 


CHANNEL  NUMBER 

Fig.  1 :  H°  +  He2*  coincidence  spectrum  of  66  keV  H* 
ions  colliding  with  10  keV  He*  icns.  Rate  of 
true  coincidences:  15  s 

Fig.  2  shows  a  spectrum  measured  for  the  total  He2* 
production  with  pulsed  beams. 


2, 

Fig.  2:  Total  He  production  employing  pulsed  beams. 
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THEORETICAL  STUDIES  OF  MUTUAL  NEUTRALIZATION  IN  P  +  H  COLLISIONS 
USING  MODEL  POTENTIALS. 

A. M. Ermolaev 

Department  of  Physics,  University  of  Durham,  South  Road,  Durham  DH1  3LE,  England. 


Earlier  impact- parameter  close-coupling  calculations 
of  charge  transfer  in  collisions  between  positive  ions  and 
atoms  at  intermediate  energies  ^ have  been  extended  to 
study  the  mutual  neutralization  reaction 

p  +  H‘(ls)  -*•  H  (n£m)  +  H  (1) 


in  the  energy  region  0.4-50.0  keV  lab.  In  the  one-active 
electron  approximation  for  (1) ,  the  total  wavef unction 
't  (£,t)  is  expanded  in  terms  of  a  two-centred  AO  (pseudo) 
state  basis  with  PWETFs,  and  interaction  between  the  act¬ 
ive  electron  and  the  H  core  is  described  by  a  fast  fall¬ 
ing-off  ootential  U  supporting  abound  state  with  the 
ef  f 

experimental  binding  energy  of  the  ion.  Cross  sections 
c  (nilm)  for  capture  into  H(n)lm),  ns3,  have  been  obtained 
using  expansions  with  up  to  19  states  centred  on  the 
projectile  and  up  to  four  target  states  (Is,  2s,  2p) .  This 


(2) 


as  an  AO  alternative  to  the  MO  model 


gave  a  dipole  polarizabi- 


(3) 


model  suggested 
introduced  by  Sidis  et  al. 
lity  of  175  a J*  . 

Fig . 1  and  2  present  total  neutralization  cross  sect¬ 
ions  computed  using  expansions  of  different  length 

and  several  model  potentials  of  Yukawa  and  exponential 
types.  The  polarization  term  has  been  dropped  from  Ufi^f 


because  of  relatively  high  impact  velocities  in  question. 

At  the  maximum  (E^0.6  keV  lab),  is  affected  by  a 

particular  choice  of  the  expansion  as  well  as  that  of  U 

whereas  for  higher  E,  the  cross  sections  tend  to  a  limit 

which  is  virtually  independent  of  the  choice  of  U  .  A 

ef  f 

marked  difference  (by  a  factor  of  two)  between  the  present 


eff 


and  data  in 


(3) 


at  E  j  3  keV  lab  is  probably  due  to 

(3) 


the  lack  of  proper  PWETFs  in  the  expansions 


300 


2SC  •"  1  >  ^  x  > 


Fig.l.  Cross  sections  for  reaction  (1).  Theoretical  data: 

DVB  -  Dalgarno  (1970);  MO  -  Sidis  (1983);  A0(N)  - 
present  (in  order  N)  using  a  Yukawa  potential. 
Experimental  data:  7, A, o  -  Rundel (1969) ,  Gaily 
(1970),  Moseley  (1970)  ,  Peart  (1976);  O  ,0  - 

Szucs  (1984) . 


Fig .2 .  Theoretical  total  cross  sections  for  reaction  (1) 
computed  using  several  model  potentials  U  . 

AO  expansions  with  ten  bound  projectile-centred 
states  (n<3)  and  a  single  target  state  |ls>. 

For  a  non-singular  exponential  potential  Ueff(r)= 

A  exp(-yr) ,  the  exact  solution  of  the  one-particle  Schro- 
dinger  equation  is  expressible  in  terms  of  a  Bessel 
function  and  this  model  is  particularly  convenient  for 
ascertaining  the  relative  importance  of  various  features 
of  the  A0  method  as  well  as  for  discussing  some  numerical 
problems.  It  appears  from  the  results  obtained  by  now  that 
an  adequate  representation  of  the  low-energy  continuum 
in  the  A0  basis  is,  perhaps,  more  important,  in  a  certain 
sense,  than  further  refinements,  particularly  at  large  r, 
of  the  model  ground  state  | ls>  .  Simple  ST0  sets  (that  is 
without  the  Hulthen-type  orbitals  used  often  in  accurate 
variational  calculations  of  the  negative  hydrogen  ion) 
seem  to  be  sufficient  to  produce  good  estimates  of  cross 
sections  for  reaction  (1) .  These  conclusions  may  also  lead 
to  some  practical  implications  for  a  two- active  electron 
theory  for  ' ' )  and  for  the  correlation  account  in  this 
reaction . 
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MUTUAL  NEUTRALIZATION  IN  H  +  H  COLL I SONS 
R.  Shingal  and  B.H.  Bransden 

Department  of  Physics,  University  of  Durham,  South  Road,  Durham  DH1  3LE,  U.K. 


The  understanding  of  neutralization  and  double 
charge  exchange  in  collisions  of  protons  with  negative 

hydrogen  ions  is  still  an  outstanding  problem.  In  two 
1  2 

recent  papers  we  have  considered  a  two  electron 
model  for  the  reaction 


♦  H(n£)  +  H (Is) 

♦  H ( Is)  +  H(n£)  (1) 

The  total  and  partial  charge  exchange  cross-sections 
were  calculated  using  a  multi-state  impact  parameter 
model \  Two  centred  travelling  atomic  orbitals  were 
used  to  expand  the  wave  function  of  the  system.  In 
this  expansion,  apart  from  the  exact  n  =  1-3 
hydrogenic  states,  we  also  considered  several  pseudo- 


However,  in  these  calculations  we  used  a  simple 

4 

Chandrashekhar  wave  function  to  represent  H  .  We 
also  considered  a  variant  of  this  function  in  which  one 
of  the  exponent  was  determined  using  the  experimental 
ionization  energy  of  H  .  Further,  in  the  appropriate 
time  dependent  phase  factors,  the  eigenenergy  of  H 
was  replaced  by  the  experimental  energy. 

In  the  present  work  we  have  removed  these 
uncertainties  in  the  earlier  results.  We  have 
constructed  an  improved  Cl  wave  function  for  H  .  This 
wave  function  is  used  to  calculate  the  total  and 
partial  neutralization  for  reaction  1.  The  computations 
are  in  progress  and  the  results  will  be  reported  at  the 
time  of  the  Conference. 
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CHARGE  EXCHANGE  BETWEEN  He  AND  H  AT  LOW  ENERGIES 
M.  Terao*,  C.  Harel*and  A.  Salin* 
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By  contrast  with  the  H  -H  system  which  has  been 
studied  extensively  both  theoretically  and  experimental¬ 
ly,  very  few  is  known  on  the  collision  of  He++  and  H  ions. 
As  can  be  verified  from  a  schematic  correlation  diagram, 
the  latter  system  is  very  similar  to  a  collision  between 
a  mul ticharged  ion  and  an  atom  because  of  the  very  small 
binding  energy  of  H  : 

-  single  electron  capture  may  be  expected  to  occur  into 
a  highly  excited  state. 

-  double  electron  capture  may  lead  to  the  formation  of 
autoionizing  states. 

We  present  here  a  theoretical  study  of  charge 
exchange  in  He  +-H  collisions.  An  experimental  study 
has  been  done  simultaneously  in  Louvain  (see  contribu¬ 
tion  of  M.  Terao,  M.  Cherkani  and  S.  Szucs). 

At  low  barycentric  energies  where  the  experiments 
have  been  done  ( J  -  2000  eV),  the  molecular  description 
seems  to  be  the  most  appropriate.  The  wave  function  of 
the  system  was  expanded  on  a  basis  built  with  screened 
0EDM  orbitals  -  a  method  which  has  already  been  succes¬ 
sfully  tested  on  various  reactions1.  The  screened  0EDM 
orbitals  are  defined  from  the  essential  requirement  that 
the  basis  correctly  describes  the  H  ion.  It  is  well 
known  that  because  of  the  small  nuclear  charge,  the  elec¬ 
tronic  correlations  in  H  are  very  strong  and  the 

screening  of  the  proton  by  one  of  the  electrons  is  impor- 

2 

tant  in  the  s-wave.  The  simplest  wave  function  for  H~ 
is  of  the  form 

’,<A|VE2)  ■^K.<r«)*U<r2)+*U(rl>*?.(,2>  i 


Table  1  -  Definition  of  the  configuration  describing  the 
initial  channel 


|  a(J)£(2)  -  £(l)a(2) J 

z  . 

where  (J>jg  is  the  Is  bydrogenic  wave  function  with 
nuclear  charge  Z  »  1.039  and  Z'  =  0.283. 

For  the  molecular  description  of  He++ -  H  ,  we  used 
the  0EDM  orbitals  that  correlate  with  the  atomic  orbitals 
of  H  in  presence  of  the  electric  field  of  He**,  i.e. 
with  the  (2po)  and  (8ko) '  orbitals  (actually  we  use  a 
diabatic  orbital  crossing  the  (7jo)'  and  (6ia) '  orbitals) . 
For  a  good  description  of  H  ,  angular  correlations  must 
be  taken  into  account^.  This  was  achieved  by  including 
Che  (2p*")  <2p*"  ),  <2p*")  (2pf"  )  and  (2p*"  )  (2Pf)  con- 
figurations .  *  variational  calculation  gives  Z"  «1.95  a.id  a 
binding  energy  for  H  of  0.3233a.u..  The  molecular  confi¬ 
gurations  are  shown  in  table  I. 


Atomic  orbitals  Molecular  orbitals 

Is  (Z  =  1.039)  2pa(ZA=2,ZB=l .039) 

Is  (Zr=  0.283)  (6ia) ' (Z  =2,Z’  =  0.283 

A  B 


Configurations 

(2po) (6io) 1 jeorre- 
{ laticn 


2P+(Z*’=  1.95)  (3drr±)M 


(4fa)n(ZA=2,Zg-l . 95)  (4fa)"2 

(3drr+) M  (3d74)" 

(3dTT  )" 


angular 

corre¬ 

lation 


The  asymptotic  energy  curve  of  the  ionic  channel 
crosses  those  of  the  exchange  channels  He+(n *  3,4,5)  + 
H(ls)  at  respectively  10,  20  and  35  aQ.  On  each  of  these 
exchange  channels,  we  selected  the  Z  state  and  the  IT 
state  in  which  the  OEDM  orbitals  are  the  most  strongly 
coupled  with  the  entrance  channel,i.e.  (2po)  (5go,7i)', 
(2pa)  (4fa,7i)’  and  (2pa)  (3da,fr)*  configurations. 

The  potential  curves  and  the  couplings  were  obtained 
by  configuration  interaction  and  the  coupled  equations 
integrated  by  means  of  standard  programs.  Rectilinear 
trajectories  have  been  used  so  far. Coulomb  effects -most 
important  below  10  eV-  are  being  considered.  The  problem 
of  electronic  momentum  transfer  was  solved  by  use  of  the 
Errea's  "common  translation  factor"4. 

The  final  results  will  be  presented  at  the  conferen¬ 
ce,  but  it  is  already  established  that  the  cross  section 
of  single  transfer  is  very  large  (about  5  10  ^cm2)  and 
that  the  dominant  contributions  are  in  the  n**5  and  n»4 
channels  .There  are  no  published  theoretical  results 
available  for  comparison.  Preliminary  data  on  a  calcula¬ 
tion  by  Ermolaev  (private  cotmnunication)  differ  from  our 
values . 
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M.  Terao,  M.  Cherkani,  S.  Sziics  and  F.  Brouillard 


University  Catholique  de  Louvain,  Institut  de  Physique,  Chemin  du  cyclotron,  2 
B1348  Louva i n- 1 a-Neuve  -  BELGIUM 


The  cross  section  f:>r  the  electron  transfer  reaction 
He  +H  -*■  He  +H  was  measured  in  the  CM  energy  range 
between  1  and  2200  eV,  with  merged  beams  and  coincident 
product  detection  (1).  The  initial  kinetic  energies  of 
He**  and  H  are  respectively  20  keV  and  10  keV.  The  two 
beams  are  merged  over  a  distance  of  about  7.5  cm.  The 
precise  length  of  interaction  is  determined  by  the 
voltage  V  applied  on  the  collision  cell.  The  H  atoms 
are  detected  some  J30  cm  ahead  by  channelplates  with  a 
large  solid  angle  (25  x  25  [millirad]^) .  The  He+  ions 
are  momentum  analysed  in  a  magnetic  field  and  counted 
by  an  EMI  electron  multiplier  about  180  cm  ahead. 

The  multichannel  analysis  of  the  time  lags  between 
pulses  from  both  detectors  yields  the  electron  transfer 
rate  above  a  uniform  background  due  to  the  uncorrelated 
signals  from  reactions  with  the  residual  gas. 

The  results  are  shown  in  Fig.  1.  Most  of  them  were 
obtained  with  isotopic  3He**  instead  of  ^He+*  in  order 
to  avoid  contamination  by  H^.  As  a  check  of  consistency, 
some  measurements  were  performed  with  the  H  slower  or 
faster  than  the  He++  ions,  and  thus  with  very  different 
kinematics. 

It  is  well  known  that  the  reaction  energies  of 
monoenergetic  ion  beams  can  be  determined  by  high 
precision  time-of-f light  technics  (2).  In  this  sense, 
merged  beams  are  particularly  sensitive  to  the  reaction 
exothermicity ,  due  to  the  amplification  of  the  CM  energy 
in  the  laboratory  system. 

Table  1  shows  the  time  lags  versus  the  observation 
voltage  V  around  the  critical  value  of  -  2000  volts”, 
where  the  sign  of  the  relative  velocity  is  reversed. 
Calculations  were  performed  by  assuming  that 

i)  the  ions  move  on  unscreened  Coulomb  trajectories; 

ii)  the  transitions  occur  at  the  curve  crossings; 

iii)  the  deflection  is  given  by  the  half  of  Rutherford 

angle . 

The  observed  shift  around  0  eV  reveals  that  transitions 
to  the  He*  (n»6)  state  occur. 

Theoretical  cross  sections  for  this  reaction  are 
presented  at  this  conference  by  M.  Terao,  Ch.  Harel  and 
A.  Salin. 


Fig.  1 

Table  1.  Shift  of  the  time  lags  between  V  and  V'(n  sec) 


V 

V’ 

calculated 
n=5  n=6 

for 

n**7 

observed 

-  1900 

-  2100 

44 

35 

30 

34 

-  1800 

-  2200 

61.5 

52.5 

47.5 

51.5 

-  1700 

-  2300 

77 

70.5 

66 

69.5 

-  1600 

-  2400 

94.5 

89.0 

86 

88.0 

If  the 

observation 

potential 

is  V  volts,  the 

col lision 

energy 

is  given  by 

E(eV)  -  u[/ 

(20.000-q  j*. 

• )  /  m  j  - 

>(10.000- 

■q2V./m2  I2 

where  (q^nij),  (q2»m2)  are  the  charges  and  masses 
of  the  He'f+  and  H~  respectively. 
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INTRODUCTION 
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A  state  to  state  collision  between  a  Rydberg  Atom 

1 

.714, 

E 
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A  and  a  ground  state  neutral  atom  B,  with  relative  momen 

0 

.144 

E 

+ 

2 

.188  E+l 

.291  E+l 

turn  q,  can  be  written  as  : 

-1 

.874 

E 

- 

2 

.286 

.434 

A(i)  +  B,  (q*)  A(i’)  +  B.  (q*)  (1) 

-2 

.239 

E 

+ 

2 

.293  E+l 

.455  E+l 

The  initial  state  |  O  of  A  is  assumed  to  be  an  eigen¬ 
state  of  the  atomic  angular  momentum  relative  to  some 

Cross 

sec  tions 

S  (a) 

Table  I 

for  processes 

(3)  with  P'-2 

axis  z,  i.e  : 

L  1  i>  -  m  /i> 


(2) 


The  present  work  studies  the  influence  of  the  angle  a 
between  q  and  the  axis  z  on  the  magnitude  of  the  cross 
sections  for  process  (!),  within  the  framework  of  the 
impulse  approximation  /I,  2/.  This  approximation  was 
found  /2/  to  be  most  valid  when  the  eccentricity 
M  “  /  (  of  the  state  /  i>  is  small.  The 

’’circular"  Rydberg  states,  which  are  highly  anisotropic, 
are  therefore  particularly  suitable  for  a  study  of  the 
orientation  effects  according  to  the  impulse  approxima¬ 
tion. 


s  correspongs  to  the  average  over  a.  ^  j  ^  ^  ^ 
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RESULTS 

A  general  formulation  of  the  problem  allows  computa¬ 
tion  of  the  cross  sections  for  process  (1),  for  arbitra¬ 
ry  values  of  the  angle  a,  (beam  experiments),  as  will  as 
a  direct  computation  of  the  angle  averaged  cross  sections 
(cell  experiments).  Numerical  applications  are  made  for 
the  collisions  between  Na  in  a  circular  state  with  He  : 

Na(n  ■=  20,  ^  =  19,  m=19)  +  He  - > Na(n-20,  f  ,m')  +  He  (3) 

The  relative  velocity  between  Na  and  He  is  taken  to 
be  the  thermal  averaged  velocity  for  296®K  as  in  Ref./l/. 

The  processes  (3)  are  found  to  be  highly  sensitive 
to  the  orientation.  A  selection  rule  concerning  the  pa¬ 
rity  of  £’-m'  is  found  for  the  case  a=0t  but  it  becomes 
weaker  and  disappears  as  a  increases.  For  fixed  values 
of  '/ '  the  cross  sections  are  found  to  be  most  important 
when  jm'/  ■  The  influence  of  an  external  electric 
field  is  also  discussed.  More  detained  results  will  he 
presented  at  the  conference. 

In  view  of  the  present  results,  the  study  of  these 
orientation  effects  using  a  beam  experiment  would  be  a 
crucial  test  for  the  validity  of  the  impulse  approxima¬ 
tion  for  the  thermal  processes  (3). 
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The  cross  section  for  electron  removal  from  laser- 
excited  Na(41s)  and  Na(40d)  atoms  by  impact  of  singly 
charged  ions  has  been  measured  for  projectile  velocities 
between  1.3  and  4.4  times  the  Bohr  orbital  velocity  in 
the  target  atoms.  The  cross  section  is  insensitive  to 
the  projectile  species  because  the  internal  structure  of 
the  projectile  ion  is  unimportant  on  the  scale  of 
energies  and  distances  that  is  significant  for  the 
Rydberg  collision  process  and  because  no  significant 
deflection  occurs.  Ar+  at  energies  down  to  1  keV  and 
Ne+  up  to  6  keV  were  used  to  cover  the  velocity  range. 
The  experiments  measure  the  sum  of  ionization  and 
charge-transfer  cross  sections  (dominated  by  ionization 
at  these  velocities)  and  were  carried  out  as  follows. 

In  a  crossed-beam  geometry  a  Na  atomic  beam  was  excited 
by  two  tunable  pulsed  lasers  to  the  desired  initial 
states.  The  few  thousand  state-selected  Rydberg  atoms 
excited  by  each  pulse  were  exposed  to  ion  bombardment 
for  At  *  3  ps.  A  1— us  60-V/cm  electric-field  pulse  was 
then  applied,  and  Na+  ions,  which  had  negligible  initial 
recoil  velocities,  were  swept  by  this  pulse  into  an 
electron  multiplier.  Na+  produced  in  the  target  by 
blackbody  or  multiphoton  ionization  or  other  processes 
constituted  a  background  to  be  subtracted  by  comparing 
signals  obtained  with  the  projectile  beam  gated  on  and 
off.  Following  the  sweeping  and  detection  of  free 
target  ions,  field  ionization  of  the  remaining  Rydberg 
atoms  was  induced  to  measure  the  target  population. 

Figure  l  shows  a  transient-digitizer  recording  of 
a  typical  electron-multiplier  signal.  The  ratio  of  the 
area  of  the  first  or  "ion"  peak  and  the  second  or 
"parent"  peak,  divided  by  ion-beam  current  density  and 
target  exposure  time,  yields  the  electron-removal  cross 
section,  which  in  this  example  equals  approx.  3.8xiO“10 
cm^  or  1.7irn*ag^*  The  Intense  ion  bombardment  of  the 
40d  target  causes  substantial  l  mixing, 1*2  which  may 
be  seen  by  its  effect  on  the  field-ionization  peak 
shape.  Thus  electron  removal  from  "40d"  proceeds  from  a 
broad  distribution  of  l  states,  but  because  of  the  much 
smaller  t-change  cross  section  from  s  states  the  40s 
target  remains  relatively  pure.^ 

Absolute  cross  sections,  velocity  dependences,  and 
comparison  of  s-state  and  1 -mixed  targets  will  be 
presented.  This  work  was  supported  In  part  by  the 
National  Science  Foundation. 
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Figure  l.  Transient  digitizer  recording  of  electron 
multiplier  signal. 
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INFORMATION-THEORETICAL  ANALYSIS  OF  CHARGE  TRANSFER 
FROM  RYDBERG  ATOMS 

A.  Blomberg  and  T.  Aberg 

Helsinki  University  of  Technology,  Laboratory  of  Physics, 
SF-02150  Espoo,  Finland 


Recently  Rolfes  and  MacAdam*  have  obtained  distributions 

of  final  n  states  populated  in  charge  transfer 

collisions  of  Na+  ions  with  Na  atoms  in  Rydberg  states 

(initial  n^ *  30),  No  satisfactory  quantum-mechanical 

theory  of  these  distributions  exists.  For  1 . >2  classical 

1- 

'  ?-a  iec  lor v  ’ion  ?  Car!->  cplcu!s'l  ion.n^  have 

been  performed  showing  some  agreement  with  experiment.* 

Due  to  the  large  number  of  final  1-states  presumably 

involved  it  is  of  interest  to  examine  whether  a  purely 

statistical  description  is  sufficient  to  explain  the 

n-distributions  for  both  1*0  and  l.*2.  This  we  have 

i  l 

done  using  information  theory  which  has  proved  to 
be*  an  efficient  tool  for  separating  random  behavior 

from  specific  processes  in  the  case  of  transfer 

.  .  3 

ionization. 

In  Ref.  1  the  distributions  were  given  with  respect 

to  the  Stark  quantum  number  ng  which  in  the  following 
is  not  distinguished  from  n  because  of  the  assumption 
of  large  1-mixing  inherent  in  any  statistical 
description.  In  our  analysis  the  a  priori  distribution 

_3 

is  taken  to  be  PQ(n)-n  as  given  by  the  density  of 

states  in  a  Rydberg  series.  To  take  into  account  the 
resonant  enhancement  effect  and  the  relation  between 
the  initial  and  final  state  RMS  velocity  of  the 
transferred  electron,*  constraints  on  the  average 

final  state  binding  energy  and  RMS  velocity  are 

_2 

introduced.  The  energy  is  taken  to  b^e~n  ,  and  the 
velocity  v~n”  .  Then,  according  to  the  maximum  entropy 

4 

principle,  the  least  biased  probability  distribution 
is  given  by 

P(  0  *  n~"*exp|  =  (1) 

—3  I  » *  ,  f\  1  >.  2 1 

s  n  exPlXo+X2(n  •1T)  1 

o 

where  A^,  Aj  and  A£  are  Lagrange  parameters,  determined 

by  the  constraints,  and  A  =  A-A^/A0  and  n  =-(A0/A.). 
3  ool2  o  2  1 

As  a  preliminary  test  of  Eq.  (1)  we  have  plotted  the 
"surprisals”^  In  I  P  (n)/P  ( n ) |  as  functions  of 

1  12  e*P  0 

(~  -  — )  ,  where  the  experimental  distributions  Pexp(n) 

were  taken  from  Ref.  (1).  In  this  representation 

straight  lines  with,  negative  slopes  A2  should  be 

obtained  with  a  suitable  choice  of  n  if  P„  (n)  is 

o  exp 

of  the  form  (1). 

The  results  of  our  analysis  show  reasonable  agreement 
for  both  initial  ns  and  nd  states  indicating  that 


the  final-state  distributions  are  not  influenced 
by  1^.  They  seem  to  be  completely  determined  by  the 
average  change  in  internal  orbital  energy  and  velocity. 
In  terms  of  velocity  the  distribution  (1)  takes  the 
simple  form 

P(v)  =vexp[xVA2(v-vo)^  .  (2) 

This  suggests  the  possibility  of  a  derivation  based 
on  considering  the  motion  of  the  electron  in  the 
transient  electric  field  of  the  projectile  as  a 
stochastic  process. 
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In  general  the  experimental  data  about  inelastic 
collisions  of  Rydberg  states  give  the  total  depopulation 
cross  sections  which  include  many  exit  channels  throught 
different  processes  such  as  1-mixing, 

A**  (ill)  +  B  —  v  A**  (n,  1’)  +  B  (la) 

A*  (n,  1)  +  M(f  )  -»  A**  (n,  1')  +  M  ((f)  (lb) 
n-changing, 

A**  (n,  1)  +  M«)-»  A**  <n\  1')  +  M  (f)  (2) 

and  ionization, 

A**  (n,  1)  +  M(ff)  — »  A+  +  e"  -  M(  5')  (3) 

where  B  represents  on  atomic  target  and  S'  specifies  the 
quantum  state  of  molecule  M.  We  have  derived  simple  ana¬ 
lytical  formulas  that  can  be  used  to  estimate  the  cross 
section  for  reaction  (l)-(3)  to  about  a  factor  of  2. 

Such  formulas  appear  very  useful  since  they  provide  an 
easy  way  to  calculate  the  quenching  cross  section  of 
Rydberg  state  by  neutral  particle.  Moerover  they  a? low 
one  to  display  in  a  transparent  way  the  influence  of  the 
relevant  physical  parameters  (for  example,  the  energy 
defect  of  processes  (J)  and  (2)  ). 

The  impulse  approximation1  is  known  to  describe 
reasonably  well  the  processes  (1)-(3).  Within  this  ap¬ 
proach,  the  evaluation  of  the  atomic  transition  form 

factor  F  .  ,, , (K) 

m ,  n  i 


nl,  nf  1*  /01  .  v  , 

(21+1)  m,m 


y  |  I  e*  K‘rInlm^l  ^ 


is  a  key  step  in  the  derivation  of  the  cross  section.  K 

represents  the  momemtum  transfer  and  r  is  the  coordinate 

of  the  Rydberg  electron.  The  Binary  Encounter  Theory 

have  been  shown  to  offer  a  very  powerful  means  for  the 

rapid  evaluation  of  the  atomic  form  factor.  F  ,  ,  (K) 

nl  ,n 

(averaged  over  1*)  . 

Since  the  cross  section  appears  to  be  much  more 
sensitive  to  the  energy  defect  of  the  reaction  than  to 
the  initial  orbital  momentum  value  1,  it  seems  reasona¬ 
ble  to  approximate  F^j  ^ ,  (K)  by  its  1-averaged  value. 


F  ,  ,(K)r  -T  F„,  n.  00  =  —  — 

n  1 ,  n  *  —  n  1 ,  n  r 


n r  (n2p  2  +  I ) ^ 


tfith  p  *  (E  .  -  E  ,  -  K2/2)  /K 
o  nl  n 


We  have  recently  reported  detailed  oomparaisons 
between  the  BET  form  factor  and  the  above  equations'1.  Hie 


overall  agreement  is  good.  This  is  quite  interesting 
since  the  simple  expression  of  the  form  factor  (Eq.(5)) 
provides  analytical  expressions  of  the  cross  section  for 
process  (l)-(3).^ 

Let  us  as  example  consider  the  process  fa,  whose 
cross  section  is  given  by 

?  2  r  r,  1  2v  re  .  ^  2.3 


nl  n^min^ 


i  l  r  2 

vl * 


1  2y  (3  +  3y2) 

arc  tan(-) - * - (6) 

y  3*n  (I  +  y4)2 


with  y  -  nQ  .  /2  (Q  .  T  ^  ,4  E  ■  energy  defect,  V:  rela- 

tive  velocity  of  the  colliding  partners),  l  is  the  e~-B 

scattering  length.  The  agreement  between  this  formula 

and  BET  calculation  is  especially  good  in  the  range  of 

validity  of  the  IA  (fig.l).  The  influence  of  the  energy 

defect  is  investigated  in  Table  I.  One  can  see  that  the 

experimental  data  are  nearly  constant  when  nQ  .  <  0.1 

min 

and  decrease  strongly  when  nQ  .  varies  from  0.2  to  4.9, 

min 

as  predicted  by  relation  (6). 


Present  theory 

-  BET 


Figure  1  -  The  1-mixing  cross  sections  for  Na(nd)+Xe.{  : 
Kachru  et  nl.,  Phvs.  Rev. A  2_7  ,  795  (  1  983)  ,  £  :  Chape  1  e  t  et 
al.,  J.  Phys.  BJ2,  3455  (1982). 


Tabic  I  -  Na**-He  1-mixing  cross  sections. 
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THE  POSSIBLE  INFLUENCE  OF  CORE  EFFECTS  IN  I'.YDBERG 
ATOM-NEUTRAL  COLLISIONS  AT  THERMAL  ENERGIES 


F.  Gounand  and  L.  Petit jean 

Service  de  Physique  des  Atomes  et  des  Surfaces,  CEN/Saclay 
91191  Gif-sur-Yve tte  Cedex,  France 


The  Rydberg  atom-neutral  system  (P)  provides  a  good 
example  of  a  simple  three-bodv  collision  system,  because 
the  outer  Rydberg  electron  is  located  on  the  average  at 
large  distances  from  the  A+  core.  One  expects  collisional 
processes  to  be  governed  by  either  the  e  -P  or  the  A+-P 
interaction.  It  has  been  shown'  in  the  last  few  years 
that  cross-sections  calculated  within  the  frame  of  the 
impulse  'pp roach  (IA)  with  only  taking  Into  account  the 

e  -P  interaction  provides  reasonable  agreement  with  the 
2 

available  data  .  But  it  still  remains  some  controversy 
about  the  possible  influence  of  the  A+-P  interaction  on 
the  collisional  cross-sections. 

We  report  here  on  the  evaluation  of  the  core  con¬ 
tribution  by  using  the  same  IA  approach,  the  validity 
of  which  will  not  be  addressed  here.  The  cross-section 
for  the  A(nl)  +  P  — >A(n'l')  +  P  process  is  found  to  be: 
A*-P  _  „Qmax 

(1)  cr 


2Tf 


nl  n' 1' 


A 


■j  Fnl  n'l'<K)|fA+lkdK 


where  F  is  the  atomic  squared  from  factor,  f  +  the  am¬ 
plitude  for  A+-P  elastic  scattering  and  Q^n^x)  are 
the  minimum  (maximum)  value  of  the  momentum  transfer  K. 
f*  is  Che  reduced  mass  of  the  two  colliding  atoms,  v 

being  their  average  relative  velocity.  Finally^^  (m  +)  . 

e--p 

Eq ( I )  has  the  same  form  than  Q-  except  for  the  mass- 
_2 

factor  (*/*)  and  for  the  range  of  integration.  If, 
as  usual,  we  adopt  a  diffusion  length  approximation  for 

f  +  the  key  parameter  remains  F,  for  which  simple  methods 

A  3  4 

of  calculation  have  been  recently  developed  *  .  Eq.l 

allows  a  systematic  discussion  of  possible  core  effects. 
In  particular  it  is  easy  to  show  that  such  effects  are 
expected  to  be  noticeable,  in  particular,  for  light  ion 
core  and  strong  A+-P  interaction.  This  is  also  demonstra¬ 
ted  in  Fig. I  where  some  caleulationsare  reported  toge- 

4 

ther  with  available  data.  Finally  it  appears  that  the 
situation  for  which  strong  core  effects  are  expected 
(Li*-Ne  or  H*  -  He  pairs)  have  not  yet  been  explored, 
calling  for  further  experimental  works.  Other  points 
will  be  discussed  at  the  conference. 
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Figure  1 

Depopulation  cross-sections  for  Na(nd)  and  Rb(ns)-P 
collisions.  Open  circles  give  the  contribution  of  the 
(e~-P)  interaction  only.  Black  circles  are  the  $uin  of 
both  (A*-?)  and  (e~-P)  contribution.  Experimental  data, 
X,  when  available5,6  are  also  reported.  Calculations 
are  performed  for  a  cell  temperature  of  293  K. 
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COLLISIONS  OF  RUBIDIUM  RYDBERG  ATOMS  WITH  AMMONIA 

L.  Petitjean,  F.  Gounand  and  F.R.  Fournier 

Service  de  Physique  des  Atomes  et  des  Surfaces,  CEN/SACLAY 
9)191  Gif-sur-Yvette  Cedex,  France 


Following  a  previous  study  on  rubidium  Rydberg  sta- 
tes-CO  collisional  system' ,  well-described  by  using  the 
impulse-approach  (IA),  we  have  measured  the  total  depo¬ 
pulation  cross  section  of  Rb(ns)  and  Rb(nd)  Rydberg  sta- 
...  2 

tes  by  collisions  with  NH^  molecules  .  This  system  of|er 
the  opportunity  to  study  a  particular  transition  and  to 
exhibit  experimentally  the  importance  of  the  energy  de¬ 
fect  for  a  dipole  induced  transition.  Experimental  data 
for  Rb(nd)  states  are  reported  in  figure  I. 

The  depopulation  of  Rydberg  states  by  NH^  occurs 
through  three  district  dipole  induced  mechanism  :  l-mudny 

A(nl )♦  NH3(J,  Kfl.)-P*A(n,  1*  3)*  NH3(J,  K,£)  (1) 

n  changing 

A(nl )+  NH  (J,  K,  i)-~  A(n')  +  NH3  (J  ±  1 ,  K,  +  )  (2) 

and  ionization 

A  ( n  1 )  +  NH3(J,  K,*)— A+  ♦  e~  +  NH^  (J-l,  K,  «  )  (3) 

J  denotes  the  total  angular  momentum,  K  represents 
the  angular  momentum  along  some  direction  and  ♦  (-) 
stands  for  a  symmetric  (antisymmetric)  level. 

Cross  section  expressions  for  the  relevant  processes 
have  been  derived  by  Petitjean  and  Gounand  ^  within  the 
frame  of  the  IA.  The  sum  of  the  n-chanRing  and  ionization 
cross  section  is  plotted  (dashed  line)  in  figure  2  and 
remains  approximative ly  constant  for  n^  30.  The  total 
depopulation  including  the  three  distinct  processes  pre¬ 
sents  as  a  function  of  n  a  maximum  near  the  47d  level. 
This  is  clearly  due  to  1-mixing  reaction  induced  by  NH^ 
inversion. 

When  one  compares  Fig.)  and  2,  one  can  notice  that 
the  IA  gives  the  correct  relative  behavior  of  the  cross 
section  with  n,  despite  it  over  estimates  hv  one  order  of 
magnitude  the  cross  sections.  Then,  it  seems  reasonable 
to  attribute  the  experimental  maximum  of  the  cross  section 
for  the  d  levels  to  1-mixing  transitions.  These  results 
show  that  the  use  of  the  impulse  approach  becomes  ques¬ 
tionable  when  the  molecular  perturber  present,  a  large 
dipole  moment.  These  result  also  prove  that  for  high 
Rydberg  states  the  efficiency  of  a  dipole  induced  reaetkn 
decreases  by  one  order  of  magnitude  when  the  energv  de¬ 
fect  varies  from..,  0.01  cm-'  to  0.5  cm-' 
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Figure  I  -  Quenching  cross  sections  for  the  Rb(nd) 
levels  by  NH3  versus  n. 
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Figure  2  -  Rb(nd)-NH3  collisional  cross-sections  in  the 

impulse  approximation.  The  collisional  ioniza¬ 
tion  appears  as  a  dotted  line.  The  dashed  line 
represents  the  suvn  of  n-changing  and  ioniza- 
processes.  The  total  depopulation  (including 
1-mixing,  n-changing  and  i on i za t ion) i s  shown 
as  a  solid  line. 
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THEORETICAL  SEMICLASSICAL  STUDY  OF  STATE-CHANGING  COLLISIONS  BETWEEN  RYDBERG  ATOMS  AMD  ROTATING  MOLECULES* 

M.  Kimura*  and  N.  F.  Lane* 

Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado  and  National  Bureau  of  Standards 
Boulder,  Colorado  80309  USA 


A  full  three-dimensional  classical  trajectory 
Monte-Carlo  method  has  been  applied  in  a  study  of 
excitation  and  ionization  of  Rydberg  atoms  in  colli¬ 
sions  with  polar  molecules.^  Although  this  classical 
calculation  reproduces  certain  observed  trends,  the 
quantitative  agreement  with  measurements  was  not  satis¬ 
factory.  This  is  not  unexpected,  since  a  complete 
classical  representation  was  utilized  to  describe  the 
Rydberg  atom  as  well  as  the  rotating  molecule.  In  the 
present  work,  we  have  carried  out  semiclassical  close¬ 
coupling  calculations  in  a  study  of  J-changtng  in  col¬ 
lisions  between  Rydberg  atoms  and  rotating  molecules, 

RA(nim)  +  M(JM)  *  RA(nTm’)  +  M(J'M') 
Approximations  in  the  calculation  are: 

(a)  Semiclassical  impact  parameter  method  with 
straight  line  trajectories  for  C.M.  of  projectile 
relative  to  target. 

(b)  Quantum  treatment  of  internal  dynamics  — 
rotation  of  molecule  and  motion  of  Rydberg  electron. 

(c)  Electron-molecule  interaction  is  approxi¬ 
mated  by  a  cut-off  dipole  interaction  with  the  form 

.  *  i 

-[D-R  /R  ]  <(R  )  where  R„  la  the  electron  distance 

m  m  m  m 

relative  to  the  molecule,  D  is  the  molecular  dipole 
moment  and  x(R)  smoothly  forces  the  potential  to  zero 
at  certain  RJn. 


(d)  "Perturbed  Rotor  State"  is  used  as  the  mo¬ 
lecular  rotational  basis. 

(e)  Optical  potential  methods  are  used  to 
represent  "bands"  of  Rydberg  states  not  in  "near 
resonance ." 

In  this  formalism,  the  dominant  coupling  causing 
rotational  transitions  is  "nonadiabatic  coupling"  be¬ 
tween  perturbed  rotor  states.  These  perturbed  rotor 
states  have  a  constant  energy  gap  and  mav  introduce 
the  Demkov  coupling  effect  analogous  to  that  found  in 
ion-atom  or  atom-atom  systems.  And  correspondingly, 
the  nonadiabatic  coupling  matrix  elements  have  a  large 
peak  at  the  point  where  two  potential  curves  depart. 

Detailed  results  of  the  calculation  will  be 
presented  at  the  meeting. 

*Thi9  work  is  supported  by  the  D.  S.  Department  of 
Energy,  Office  of  Basic  Sciences. 

TAlso  Rice  University,  Houston,  TX. 
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ANGULAR  MOMENTUM  SHIFTS  OF  HIGH  RYDBERG  STATES  BY  TIME -DEPEN DENT  EXTERNAL  FIELDS 


Y.  Hahn,  K.  LaGattuta  and  I.  Nasser 
Department  of  Physics,  University  of  Connecticut,  Storrs,  CT  06268  USA 


High  Rydberg  states  (HRS)  created  by  multiphoton 
excitation  or  by  low  energy  electron  capture  are  sensi¬ 
tive  to  small  external  perturbations.  In  particular, 
such  HRS  ions  can  undergo  serious  changes  in  their 
structure  (njJm  shifts)  between  the  time  of  their  crea¬ 
tion  and  their  detection.  Various  /^-changing*  ^  and 
m-changing  collisions,  with  or  without  the  presence  of 
weak  external  electric  or  magnetic  fields  may  occur.  Of 
special  interest  here  is  the  dielect ronic  recombination 
(DR)  process,  in  which  an  incoming  electron  is  captured 
by  an  ionic  target  to  a  HRS,  while  one  of  the  inner- 
shell  target  electrons  is  excited.  The  cross  section 
for  this  process  has  been  measured**  recently  in  a  coin¬ 
cidence  experiment.  Both  the  photon  emitted  by  the 
inner-shell  excited  electron  and  the  HRS  recombined 
atoms  are  detected.  The  HRS  is  detected  by  field-strip¬ 
ping.  As  the  HRS  atomic  beam  traverses  the  space 
between  the  interaction  region  and  the  detector,  it 
passes  through  several  distinct  regions  in  which  electric 
fields  have  been  introduced  for  the  purpose  of  analysis. 

A  recent  theoretical  study ^  suggests  that  these  fields 

g 

mav  induce  changes  in  the  quantum  numbers  of  the  states 
that  are  being  measured. 

We  have  formulated  a  t ime- depen dent ,  nonperturbat ive 
theory  to  examine  the  effect  of  time-varying  fields  on 
HRS.  Since  the  perturbations  are  often  very  strong  as 
compared  to  level  9pacings  between  the  states  involved 
(e.g.  for  different  JL  or  m  of  the  same  n) ,  the  theory 
has  to  be  nonperturbat ive.  In  the  limits  of  both  adia¬ 
batic  and  sudden  changes  in  the  perturbation,  our 
general  theory  gives  the  correct  limiting  behavior. 
Consider  a  perturbation  H^  of  the  form  given  in  Fig.l. 


where  Hj  measures  the  interaction  of  a  HRS  electron  with 
an  external  electric  field.  For  this  system,  we  can 
write  the  transition  operator  in  the  interaction  repre¬ 
sentation,  as 


where 


and 


IKV*)=  Ubrti),  n) 

(2) 


I  /  A  Hot  U  "*  L  Hot 

Hr  Hr  A 


For  this  example,  it  can  be  shown,  using  spherical  coor¬ 
dinates  for  the  Coulomb  function  describing  the  HRS 
that 


U(vO  l  l Stark  representation, 

F-^large  ^ 


while 


U(v tf)s  <R.  =  rotation  operator  for  90 ° 

around  the  z-axis.  (4) 


In  general,  we  will  consider  the  rate  at  which 
changes,  and  the  influence  of  the  rate  of  this  change 
on  the  final  state  probability.  A  detailed  numerical 

calculation  will  be  presented  for  H  that  simulates  the 
^  * 

actual  physical  situation  .  The  results  should  aid  in 
interpreting  the  recent  DR  experiment,  and  may  also  faci¬ 
litate  understanding  of  other  situations  involving  HRS. 

This  work  was  supported  in  part  by  a  DOE  grant. 
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EFFECTS  OF  ULTRA -LOW-ENERGY  RESONANCES  IN  ELASTIC  SCATTERING  OF  ELECTRONS  BY  ALKALI  METAL 
ATOMS  ON  COLLISION  OF  HIGH-RYDBERG  ATOMS  WITH  ALKALI  METAL  ATOMS 

Michio  Matsuzawa*  **  +  and  Naoto  Koyama* 

Department  of  Physics,  University  of  Toronto,  Toronto,  Ontario  Canada* 

Department  of  Engineering  Physics*  and  Institute  for  Laser  Sciences**, 

The  University  of  Electro-Communications,  Chofu-shi,  Tokyo  182  Japan 

Using  the  free-electron  model  (FEM)  based  on  the 
impulse  approximation  f!A),  one  of  us  (MM)*  theoretical¬ 
ly  pointed  out  that  an  ul tra- low-energy  resonance  in  e-  1* 

molecule  scattering  causes  an  oscillating  behavior  in 
the  n-dependence  of  pressure  shift  and  width  of  high- 
Rydberg  series  perturbed  by  that  molecule.  Using  this 
approach,  Kaulakys*^  and  Rabin  and  Rebentrost"^  attempted  ^  ^ 

to  explain  observed  oscillating  structures  of  pressure 
shift  and  width  of  high-Rydberg  K**(n  S,n  D/  and  2 

Rb** ( n^S , n^D '  series  perturbed  by  their  ground-state 

4  xc0. 

atoms  for  15<n<30  in  terms  of  the  ultra-low-energy  w 

resonance  in  e-alkali  metal  atom  (M)  scattering 

theoretically  predicted  by  Sinfailam  and  Nesbet.'’ 

However,  two  experiments^*  recently  performed  on 

the  pressure  shift  and  width  of  alkali-metal  high-  50  75 

n 

Rydberg  series  perturbed  by  different  alkali-metal  atoms 

do  not  seem  to  support  the  above-mentioned  interpreta-  FIGURE  1  Total  cross  sections  and  rate 

t ion  because  the  oscillating  structures  do  not  depend  on  constant  Vc^ (right-hand  scale)  against  the 

principal  quantum  number  n. 

the  kind  of  perturber  but  on  the  Rydberg  series  itself. 

This  could  come  from  the  fact  that  one  of  the  conditions  T  /T  c<  1  is  well  satisfied  around  n=75. 

r  n ' 

for  IA,  if*.  Tr/-rn«  1  is  not  well  satisfied  for  this  conclude  that  this  can  be  used  to  detect  t 

range  of  n  where  is  the  life  time  of  the  resonance  energy  resonance  in  e-M  scattering, 

and  T n  is  the  period  of  electronic  motion. 

In  order  to  detect  the  narrow  ultra-low-energy  References 

resonance  in  the  e-M  scatterings,  we  propose  to  use  the  1.  m.  Matsuzawa,  J.  Phys.  B  8  L382  (1975 

high-Rydberg  alkali-metal  atom  with  the  highest  allowed  ‘bid  i2  1543  0977) 

2.  B.P.  Kaulakys,  J.  Phys.  B  15  L719  (19 
angular  momentum  A**(n, l=n-l ) .  The  total  cross  section  3.  y,  gabin  and  F .  Rebentrost,  Opt.  Comm 

of  the  A*  *-M  system  o  t  ( V 1  is  expressed  as  follows8  (1982) 

ni  4.  B.P.  Stoicheff,  D.C.  Thompson  and  E. 


t  /T  «1  is  well  satisfied  around  n=75.  Therefore  we 
r  n 

conclude  that  this  can  be  used  to  detect  the  ultra-low- 
energy  resonance  in  e-M  scattering. 


Vt>n,!V>  .  f>ee(q)|gn  (q)lVdq 


where  we  have  employed  the  Breit-Wigner  type  resonance 

formula  with  some  modification  as  the  total  cross 

section  oe  for  e-M  scattering.  Here  V  is  the  relative 

velocity  between  A**  and  M,  g  is  the  radial  wave 

ni 

function  of  the  Rydberg  electron  in  the  (n,t)  state  in 
the  momentum  representation,  and  q  and  v  are  the 
momentum  and  velocity  of  the  relative  motion  of  e  to  M, 
respect l vely .  Expression  (])  may  be  considered  to  be  a 
good  approximation  for  high  n  such  as  n=70.  Fig.l 
shows  the  calculated  cross  sections  for  E  =2.4  meV  and 

t  r 

r=0.58  meV  (Ref. 5).  One  sees  that  o  ,  (V)  has  a  single 

n ,  n- 1 

peak  at  n=?5  which  coincides  with  the  value  of  n ^ 

estimated  from  E  =2.4  meV.  The  number  of  the  peaks  in 

t  r  2 

a  (V)  for  each  l  state  corresponds  to  those  of  (g  ( 
ni  n  t 

and  are  smeared  out  as  l  decreases.  The  validity  condition 
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COLLISIONS  OF  Rb(ns,nd)  ATOMS  WITH  SfJ 


B.  G.  Zollars,  F.  lu,  C.  W.  Walter,  L.  N.  Goeller  L.  G.  Gray,  K.  A.  Smith 
F.  B.  Dunning  and  R.  F.  Stebbings 

Departments  of  Space  Physics  and  Astronomy,  and  Physics, 

Rice  University,  Houston,  Texas  77251  USA 


Ionization  of  highly-excited  Rb  atoms  in 
collisions  with  SFfe  proceeds  via  electron  transfer 
reactions  of  the  type 

Rb**  +  SF  ■*  Rb+  +  SF~  (1) 

6  o 

One  motivation  for  the  study  of  such  reactions  is  to 
test  the  validity  of  the  so-called  "essent ially- 
free"  electron  model*  This  model  assumes  that  the 
separation  between  the  Rydberg  electron  and  its 
associated  ionic  core  is  so  large  that  both  do  not 
simultaneously  interact  with  a  target  particle*  The 
collision  is  then  analyzed  by  considering  only  the 
Rydberg  electron-target  interaction.  The  model 
predicts  that  the  rate  constant  for  reaction  (1) 
will  equal  that  for  attachment,  by  the  same  target, 
of  free  electrons  having  the  same  velocity  distri¬ 
bution  as  the  Rydberg  electron.  To  further  test 
this  prediction  we  have  measured  rate  constants  for 
collisional  ionization  in  Rb(ns,nd)  -  SF^  collisions 
for  values  of  principal  quantum  number  n  in  the 
range  38  to  84.  Measurements  at  high  n  are  particu¬ 
larly  valuable  because  the  Rydberg  electron-core 
separation  is  large  and  because  interactions  between 
the  product  ions  should  be  minimal. 

The  present  experimental  technique  is  similar 
to  that  described  elsewhere.1  Rb  atoms  contained  in 
a  collimated  thermal-energy  beam  are  excited,  in  the 
presence  of  target  gas  and  in  zero  elect  ic  field,  to 
a  selected  ns  or  nd  state  by  two-photon  excitation 
using  the  modulated  output  of  a  single-mode  CW  dye 
laser.  After  allowing  collisions  to  occur  for  a 
selected  time  t  the  total  number  N(t)  of  excited 
atoms  remaining  is  determined  by  selective  field 
ionization  (SFI).  Measurements  of  the  time  depen¬ 
dence  of  N(t)  at  different  target  gas  densities 
permits  the  rate  constant  for  collisional  destruc¬ 
tion  to  be  determined.  CXir  earlier  measurements1 
showed  that,  for  the  present  range  of  n,  destruction 
proceeds  primarily  through  collisional  ionization. 

It  is  thus  reasonable  to  equate  the  measured  rate 
constants  for  collisional  depletion  of  the  total 
Rydberg  population  with  those  for  collisional 
lonizat ion. 

Preliminary  data  are  presented  In  Fig.  I 


PRINCIPAL  QUANTUM  NUMBER  n 

Fig.  1.  Rate  constants  for  collisional  ionization 
in  Rb(ns,nd)  -  SF  collisions. 

b 


together  with  rate  constants  derived  using  the 
express  ion 

k  -  f  v  ae(v)  f(v)  dv  (2) 

0 

where  f(v)  is  the  Rydberg  electron  velocity  distri¬ 
bution  and  a  (v)  a  theoretical  free  electron 
e 

attachment  cross  section  derived  by  Klots.^ 

The  agreement  between  the  Rydberg  atom  and  free 
electron  data  is  good,  showing  that  studies  with 
Rydberg  atoms  can  produce  information  on  very-low- 
energy  electron  collisions.  The  measured  rate 
constants  are  relatively  independent  of  n, 
indicating  that  at  low  electron  velocities  Je(v)  is 
approximately  inversely  proportional  to  v.  The 
present  measurements  will  be  extended  to  low  n  to 
look  for  effects  due  to  interactions  between  the 
product  Rb+  and  SF”  ions. 
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ST  ATE- CHANG  INC  IN  Rb(ns,nd)-Xe  COLLISIONS:  PRODUCT  STATE  DISTRIBUTION 

G*  B.  McMi Ilian,  L.  N.  Goeller,  K.  A.  Smith,  F.  B.  Dunning  and  R.  F.  Stebbings 

Departments  of  Space  Physics  and  Astronomy,  and  Physics, 
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The  distribution  of  product  states  resulting 
from  state-changing  in  Rb(ns,nd)-Xe  collisions  has 
been  investigated.  Rubidium  atoms  contained  in  a 
thermal-energy  colLimated  beam  are  excited,  in  the 
presence  of  target  gas  and  in  zero  electric  field, 
to  a  selected  ns  or  nd  state.  After  allowing  col¬ 
lisions  to  occur  for  a  specified  time,  the  product 
state  distribution  is  determined  by  selective  field 
ionization  (SFt).  Typical  SFl  profiles  observed  for 
Rb(55^D^^>,  both  with  and  without  target  gas  pre¬ 
sent,  are  shown  in  fig.  1.  The  feature  labelled  P 

0 

results  from  adiabatic  ionization  of  parent  atoms , 
while  P  results  from  diabatic  ionization 
of  jm^|  >  3  collision  products.  The  product-state 
distribution  is  inferred  by  comparing  observed  P 
profiles  with  those  calculated1  for  different 
assumed  final-state  distributions. 

The  profiles  obtained  for  very  low  (high) 
target  gas  densities  that  correspond  to  single 
(multiple)  collision  conditions  are  shown  In  figs. 


0  4  0  80  120  160 

ELECTRIC  FIELD  <  V  cnrr'* 


Fig.  1.  SFI  profiles  obtained  with  and  without 
target  gas  present. 

2a(b).  Figure  2  also  includes  PJ  profiles  calcu¬ 
lated  assuming  chat:  i)  collisions  populate  states 
in  the  adjacent  n«54  manifold  of  higher-i,  states 
with  the  populations  in  individual  |a^|  states  being 
linearly  weighted  toward  low  J»J  (Fig.  2c),  ii) 
collisions  populate  each  state  In  the  n-54  manifold 
with  equal  probability  (Fig.  2d),  111)  collisions 
populate  states  in  several  adjacent  n-manifolds  with 


ELECTRIC  FIELD  iVcnr') 

Fig.  2.  Observed  and  calculated  P^  profiles. 

an  n-state  distribution  equal  to  that  calculated  by 
Gounand*  <3X  n-52,  26X  n-53,  65X  n«54,  6X  n-55)  and 
with  individual  states  within  each  manifold  popu¬ 
lated  with  equal  probability  (Fig.  2e). 

The  agreement  between  the  present  results  and 
the  predictions  of  Gounand  demonstrates  that  state- 
changing  results  primarily  from  transitions  to  the 
n-manifold  lying  closest  in  energy  to  the  parent 
state,  but  that  transitions  to  other  neighboring 
manifolds  are  also  possible.  The  data  indicate  that 
collisions  populate  states  within  each  manifold  with 
essentially  equal  probability  and  provide  no 

evidence  of  a  propensity  rule  on  the  changes  In  Im  I 

i 1 

that  can  occur.  Indeed,  similar  P^  profiles  are 
observed  under  both  single-collision  conditions  and 
conditions  where  further  colllslonal  state-changing 
of  the  product  Is  expected.  Data  for  other  s  and  d 
states  lead  to  similar  conclusions. 
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STATE  SELECTIVE  LASER  DETECTION  OF  RYDBERG  ATOMS 
V.  Lange,  U.  Eichmann,  G.A.  Ruff  and  W.  Sandner 
Fakultat  f Ur  Physik,  Universitat  Freiburg,  Hermann-Herder-Str.  3,  7800  Freiburg,  West  Germany 


Atomic  Rydberg  states  have  for  long  times  been 
predominantly  studied  using  highly  selective  laser 
excitation  techniques,  whereas  recently  they  also  gain 
increasing  attention  as  final  products  of  particle 
collision  processes,  e.q.  in  dielectric  recombination  or 
electron  capture  experiments.  This  raises  the  need  for 
an  accurate  and  efficient  method  to  detect  and  analyze 
atoms  in  unknown  high  Rydberg  states.  We  demonstrate 
that  laser  excitation  into  autoionization  states  is  not 
only  a  highly  efficient  detection  method,  but  can  also 
De  extremely  state  selective. 

For  the  method  to  work  the  Rydberg  species  (atom, 
ion,  molecule  etc.)  under  consideration  must  have  a 
strong  core  transition,  which  can  be  driven  by  tunable 
lasers.  Detuning  the  laser  from  the  center  of  such  a 

core  transition  exhibits  characteristic  variations  in 

1  2 

the  absorption  cross  section  '  .  In  particular,  the 
cross  section  vanishes  periodically  in  energy.  It  can  be 
shown  that  the  energy  spacing  between  the  points  of  zero 
cross  section  is,  to  first  approximation,  merely  a 
function  of  n*,  the  effective  quantum  number  of  the 
initial  Rydberg  state,  which  can  thus  be  measured. 

Taking  into  account  the  effects  Of  higher  order 
corrections  {arising  from  long  range  polarization 
potentials  of  the  core)  we  were  able  to  directly  measure 

the  effective  quantum  number  n*  of  the  Barium  6s42d('o,) 

-4  ^ 

state  to  a  relative  accuracy  of  few  parts  in  10  .  It  is 

important  to  point  Out  that  this  n*  determination  is 
insensitive  to  channel  mixing  effects  in  multi  electron 
Rydberg  systems,  and  requires  no  explicit  knowledge  of 
the  ionization  potential  of  the  system.  Therefore,  it 
ay  in  turn  be  utilized  to  determine  the  ionization 
potential  of  complicated  systems,  a  method  which  is 
currently  investigated  in  our  laboratory. 

For  the  quantitative  analysis  of  ensembles  of  atoms 
m  different  Rydberg  states  n,  as  they  frequently  occur 
in  collision  experiments,  we  have  developped  the 
following  scheme  of  a  "Rydberg  Filter".  It  is  based  on 
two  observations: 

a)  Cross  section  zeroes  in  the  "sidebands"  of  the  core 
transition  occur  at  different  energies  for  different 
Rydberg  states  n  (more  specifically:  for  different  n*). 

b)  The  cross  section  between  the  zeroes  can  always  be 
saturated  (100  .  excitation  to  autoionizing  states^). 

Hence  we  can  find  laser  frequencies  for  a  "Selection 
Laser"  at  which  all  but  one  particular  Rydberg  state  nQ 


Fig.  1:  Transmission  curve  of  the  Rydberg  Filter. 

are  excited  to  an  autoionization  state  and  are  thus 

destroyed.  The  number  of  remaining  neutral  Rydberg  atoms 

in  state  nQ  may  subsequently  be  determined  from  the 

autoionization  electron  signal  of  a  "Probe  Laser",  tuned 

to  the  center  of  the  core  transition  and  thus  exciting 

all  remaining  Rydberg  atoms. 

A  first  demonstration  of  the  Rydberg  Filter  is  given 

or,  fig.  1.  Shown  is  the  "transmission  curve"  of  the 

filter,  i.e.  the  fraction  of  Barium  Rydberg  atoms  in 

various  nd-states  after  firing  of  the  selection  laser, 

which  was  tuned  to  select  6 s 32 d  states.  Initial  Rydberg 

population  was  100  in  each  state.  In  contrast  to 

electric  field  ionization  the  selectivity  of  the  Rydberg 

filter  in  this  range  is  sufficient  to  clearly  distinguish 

between  single  n  states.  Most  of  the  deviations  from  the 

ideal  transmission  curve  T (n )  =  -  „  result  from  the 

n  ,  3Z  _ ^ 

finite  bandwidth  of  the  laser,  0.33  cm*  .  An  exception 
is  the  large  fraction  of  Rydberg  atoms  in  the  n=41  state, 
which  originates  from  ar  accidential  coincidence  of  zero 
absorption  points  for  n=32  and  nx41.  Such  unwanted 
coincidences  are  expected  to  occur  periodically  in  n  for 
n  nQ,  however,  their  influence  on  the  filter 
selectivity  can  be  eliminated  if  electric  field 
ionization  is  used  for  a  coarse  preselection  of  the  n 
range  under  investigation. 
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DELAYED  EMISSION  OF  2p-ls  AND  3p-ls  X-RAYS  FROM  40  MeV  Ne  IONS  IONIZED  IN  A  THIN  CARBON  FOIL 
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A  significant  fraction  of  a  beam  of  MeV/amu 
projectiles  incident  on  a  thin  foil  emerges  with 
electrons  in  high  Rydberg  states,  and  these  elec¬ 
trons  may  subsequently  cascade  down  to  low-lying  np 
states.  In  ions  having  zero  or  one-electron  cores, 
this  process  ultimately  results  in  the  emission  of 
delayed  np-ls  radiation  at  large  distances  from  the 
foil*.  Tnese  delayed  x-rays  provide  important 
information  about  the  population  mechanism  of  the 
Rydberg  states,  which  -  as  recent  studies2,2  have 
shown  -  are  not  yet  fully  understood. 

In  the  present  study,  the  X  x-ray  spectra  of 
Ne  projectiles  excited  by  passing  a  beam  of  40  MeV 
Ne-  ions  through  a  50  ugZcnr  carbon  foil  were 
measured  at  various  distances  behind  the  foil  using 
a  Johansson-type  curved  crystal  spectrometer  equip¬ 
ped  with  a  rubidium  acid  phalate  crystal.  The  He- 
1  ike  ls2p(1P)-ls2(1S),  H- 1  ike  2p(2P)-ls(2S),  and  H- 
1  ike  3p(2P)-ls(2S)  transitions  are  dipole-allowed 
with  lifetimes  of  less  than  0.6  ps,  but  even  at  1  cm 
(i.e.  0.5  ns)  behind  the  foil,  considerable  inten¬ 
sity  is  still  detected  for  these  short  lifetime 
transitions  indicating  that  electrons  are  cascading 
from  very  high  n  levels. 


FIG.  1.  Measured  decay  curves  for  the  indicated 
lines  of  40  MeV  Ne  projectiles.  The  solid 
lines  are  the  I=ct'“  functions  fitted  to  the 
experimental  data. 

Fig.  1.  shows  the  intensities  of  the  delayed 
He-like  ls2p(1P)-ls2(*S),  H-like  2p-ls,  and  H-like 
3p-ls  transitions  as  a  function  of  the  distance 
behind  the  foil.  The  decay  curves  of  the  2p-Is 
transitions  are  well  represented  by  the  I*ct'b  power 

law4,  where  b  is  equal  to  1.35  for  ls2p(*P)-ls2(lsl 


and  1.44  for  2p(2P)-ls(4S).  These  results,  when 
compared  with  the  theoretical  decay  curves4,  support 
the  assumption  that  the  different  1-states  in  a  given 
n-manifold  are  populated  uniformly. 

The  measured  decay  curve  for  the  H-like  3p-ls 
line  gives  a  larger  slope  (b  *  1.95)  than  those  for 
the  2p-ls  transitions.  Electrons  cascading  down  from 
Rydberg  states  feed  the  2 p  and  3p  states  through 
different  channels,  and  the  3p-ls/2p-ls  intensity 
ratio  must  also  reflect  the  initial  1-distribution  of 
the  Rydberg  states.  The  measured  3p-ls/2p-ls  inten¬ 
sity  ratio  as  a  function  of  distance  behind  the  foil, 
when  compared  with  theoretical  calculations4,  shows 
that  both  the  absolute  value  of  the  3p- 1 s /2p- 1 s  ratio 
and  its  dependence  on  the  distance  behind  the  foil 
give  good  agreement  with  the  assumption  that  the 
1-states  are  uniformly  populated. 

Previous  measurements  performed  with  16  MeV  0 
and  127  MeV  S  projectiles  indicate  that  in  oxygen 
mainly  low  angular  momentum  states  are  populated, 
whilw  in  sulfur,  hmn  1-states  a  re  populated  prefer- 
entiel'y.  This  apparent  change  in  the  1-distribution 
from  0  to  S  will  be  discussed. 

In  addition  to  the  decay  curves,  important  struc¬ 
tural  differences  in  the  prompt  and  delayed  x-ray 
spectra  (e.g.  the  nonstatistical  ratio  of  the  inten¬ 
sity  of  the  He-like  (ls2p)2Pj  -  (Is2)*S  and  (Is2p)*P 
-  (ls2)*S  lines,  and  the  absence  of  ls212p-ls221 , 
2121-ls21,  and  2pnl-lsnl  sat  el  1  ite  1 ines  in  the 
delayed  spectra)  will  be  discussed. 
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Observation  of  "Stark  Beats"  in  Gas  Excited  100  MeV  Ne6  +  ion  Beams 
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100  MeV  Ne6+  ions  are  excited  into  high 
Rydberg  states  following  the  impact  on  a 
He-gas  target.  The  effect  of  a  transverse 
electric  field  on  the  Rydberg  states  is 
investigated  by  measuring  the  integral  field 
ionization  yield  in  an  additional  constant 
electric  field1.  Strong  oscillations  are 
observed  in  the  yield  as  function  of  the 
field  strength.  The  experimental  arrangement 
is  similar  to  that  described  in  Ref.  2.  A 
tightly  collimated  100  MeV  Ne  6+  beam  tra¬ 
verses  a  gas  cell  and  a  well-defined  trans¬ 
verse  electric  field  which  is  located  down¬ 
stream  from  the  target.  Exiting  from  the 
field  the  beam  passes  through  a  45  parallel 
plate  electrostatic  electron  spectrometer 
where  Rydberg  states  are  partially  field 
ionized  by  the  spectrometer  field.  A  tandem 
spectrometer  as  described  in  detail  in  Ref.  3 
was  used  in  order  to  reduce  the  background. 
Fig.  1  shows  a  spectrum  from  100  MeV  Ne  6+ 
incident  on  a  He  gas  target.  The  spectrum 
shows  a  decrease  in  the  total  yield  with 
increasing  field  strength  and  a  superimposed 
oscillatory  structure.  The  differential 
yield  curves  are  plotted  in  the  inset. An 
attempt  is  made  to  qualitatively  interpret 
the  results  on  the  basis  of  a  model  which  has 
been  outlined  recently2  for  foil  excited  ion 
beams. 

In  the  case  of  beam  foil  excitation  it  was 
found2  that  the  high  Rydberg  states  may  in¬ 
clude  coherently  excited  superpositions  of 
Stark  levels.  These  levels  have  been  infered 
from  the  observation  of  an  oscillatory  struc¬ 
ture  superimposed  on  the  electron  yield  cur¬ 
ves  as  they  result  from  the  field  ionization 
of  the  high  n  states.  An  approximate  value 
for  the  threshold  field  is  given  by 
n"  •  Fc/Z3  *  1/16  a.u.;  this  is  the  assumed 
threshold  field  for  ionization  of  one-elec¬ 
tron  atoms  or  ions  by  a  static  electric 
field.  From  the  relationship  for  the  thres¬ 


hold  field  it  follows  for  a  core  charge  6+ 
that  principal  quantum  numbers  for  the  field 
ionized  Rydberg  states  are  in  the  range  bet¬ 
ween  tOO  (  n  <  150.  The  lower  limit  corres¬ 
ponds  to  the  spectrometer  field  required  to 
analyze  beam-velocity  electrons 


Total  and  differential  electron  yield  from 
field  ionized  fast  Rydberg  atoms  as  function 
of  field  strength  (transverse  field  after 
target ) . 

The  main  observable  period  in  the  spectrum 
is  about  30  V/cm.  Tnis  period  cannot  be  re¬ 
produced  with  predictions  based  on  the  model 
given  in  Ref.  2  for  the  case  of  foil  excited 
ions.  This  disagreement  suggests  a  modifica¬ 
tion  of  the  model.  A  time  differential 
measurement  could  in  qeneral  show  oscil¬ 
lations  if  the  orbital  freouency  is  compa¬ 
rable  with  the  interaction  time.  A  possible 
picture  is  that  the  "beats"  are  due  to 
field  induced  oscillation  of  the  population 
of  continuum  and  Rydberg  states. 
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OPTICAL  COLLISION  SPECTRA  FOR  Na-Ar  BY  THE  QUANTUM  COUPLED-CHANNELS  METHOD 
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The  absorption  of  nonresonant  photons  outside  the 
impact  region  of  a  spectral  transition  occurs  during 
collisions  with  the  perturber  gas.  This  correlation 
between  the  atomic  excitation  and  the  collision  dynamics 
e.g.  results  in  a  breakdown  of  the  factorization  appro¬ 
ximation  known  from  the  theory  of  coliisional  redistri¬ 
bution  of  light.  Particularly  interesting  is  the  aspect 
of  a  spectroscopic  investigation  of  the  collision  dyna¬ 
mics  by  the  information  contained  in  the  intensity  and 

polarization  of  the  fluorescence  after  a  far-wing  ex- 

1-3 

citation  of  collision  pairs  In  the  limit  of  zero- 

perlurher  pressure  the  observables  are  directly  related 
to  the  frequency-dependent  optical  collision  cross 
sect  ions . 

Recently  we  have  made  much  progress  in  developing 
the  quantum  methods  to  calculate  optical  collision 
spectra.  This  allows  to  perform  such  calculations  for  a 
large  range  of  detunings  and  collision  energies.  As  an 
example,  Fig.  1  shows  the  thermal -averaged  relative 
fluorescence  intensity  from  the  two  D-lines  following 
far-wing  excitation  of  Na-Ar  collision  pairs.  With  re- 

4 

sped  to  earlier  results  for  a  single  collision  energy  , 
the  improvement  is  mainly  in  the  red  wing,  that  depends 
most  sensitive  on  the  energy  requirement  of  the  colli¬ 
sion.  Excellent  agreement  with  experimental  data  re- 

3 

ported  by  Havey  et  al.  is  found.  From  the  analysis  of 


Au> t/2 

FIGURE  1  Calculated  relative  Dj  excitation  probability 
(at  T  =  400  K)  versus  detuning  from  the  Na-D. 


R  ta.u.l 

FIGURE  2  Long-range  behaviour  of  the  excited  Na-Ar 
potentials  after  Duren  et  al. 

the  calculation  a  clear  and  quantitative  picture  is 
derived  on  the  roie  of  the  various  couplings  that  de¬ 
termine  the  final  outcome  of  the  collision  during  the 
dissociation  of  the  collision  pai/.  For  example  the 
behavior  of  the  excitation  probability  at  l.-'rge 

detunings  in  the  blue  wing  reflects  the  energy  de¬ 
pendence  of  a  nonadiabatic  transition  involving  th- 
2  2 

B  and  A  n^2  states  (Fig.  2). 

A  detailed  discussion  of  fluorescence  depolari¬ 
zation  under  single-collision  conditions  following  from 
this  calculation  has  been  given  recently^. 
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FAR  INFRARED  ABSORPTION  IN  h2 ,  aND  IN  MIXTURES  Or  rt.  WITH  He,  S9 ,  CK.  ,  Ar , 
INDUCED  BY  BINARY  COLLISIONS* 

Lothar  Frommhold,  Aleksandra  Borysow,  Massimo  Moraidi ,** 
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Hydrogen  and  helium  tHej  are  non-polar  and  do  not 

httVt  an  infrared  dipole  spectrum  unless  some  perturbation 
tnuuces  one.  in  H*  -X  collisions,  where  X  may  be  He  or 
another  h2»  transxeut  dipoies  occur  which  give  rise  to 
collision-induced  infrared  absorption  in  the  far 
infrared.  Transiational  and  rotational  spectra  are 
observed  which  are  Known  for  some  time.  We  prcseni  nere 
uie  first  dt)  ini  Liu  computations  of  the  induced  dipole 
components  obtained  with  hignly  correlated  wave  func¬ 
tions,  1  tor  both  systems,  l^2“^2  and  The  most 

important  induced  dipole  components  arise  from 
polarisation  of  the  coilisionai  paitner  in  the  quadrupole 
tieid  ol  Lnt*  raoieeuie,  and  tor  H^-He  collisions  an 
isotropic  dipole  component  due  to  electron  exchange. 
weaK  dAsptrsion  aipoies  are  also  evident,  as  well  «s 
anisotropic  overlap  and  liexadecapole-induced  components. 
Based  on  LUtsc  Cuicui a t ions ,  and  on  accurate  semi- 
eapincaj  interaction  potentials,  we  compuie  the  tar 
infrared  translation/  rotation  absorption  spectra  of 
these  systems  at  the  temperatures  from  77  to  3u0  K  for 
Which  accurate  measurements  ol  such  spectra  exist.  For 
H2_rt2  ’  tllc  comparison  ol  tne  ab  initio  lint-  shape 
computations  with  the  measurements  snows  agreement  trom  u 
to  i  ,  5uo  cm-*  at  the  level,  on  an  absolute  intensity 

s*_aie ,  no  adjustable  parameters  aft-  usea.  For  H  ,-He ,  the 
agreement  wuii  the  mtasuiemenLs  is  litany  as  goou.**^  luc 
suv.cesstui  eompuLation  of  these  spectra  from  the 
I ujitdisfii tai  theory  is  significant  for  the  modeling  of  the 
a tmospiif i es  ot  the  outei  planets,  which  is  possible  wttn 
precision  even  at  die  iow  temperatures  ot  the  outermost 
planets  tot  which  no  laboratory  measurements  exist.*’" 

‘me  binary  spectra  ol  other  systems,  ruch  as  H  -N , 
and  kan  at  present  not  be  modeled  witu  comparable 

rigor  because  liie  intclaellult  pOLentluis  ait  not  SO  We*l 
Known,  and  no  at  initio  dipoie  calculations  exist;  no 
laboratory  spectra  were  ooiuiucU  tor  the  ri  ,-N  ,  system  in 
tne  lor  infrared,  ihese  systems  are  oi  interest  lor  tin 
intcrpie  tat  ion  ot  the  Voyage*  LKlo  specula  ol  lil.m. 
pieSent  quantum  uuiuuuai  *ons  ot  our  best  estimates  ol 
these  spectra.  I he  computations  ate  based  on  pure 
quudrupoie,  octopole  aiiu  hexudecapo ie  indue  lion.  * 

interesting  tueoretic«»i  dimer  features  ait  obtained  wiinli 


may  help  to  understand  unexplained  features  of  the 
Voyager  Titan  spectra  near  the  SQ(u)  line  center  of 
hydrogen.  These  features  have  attracted  special 
attention  recently.  Dimer  structures  in  are 

similar,  but  different  from  the  structures  of  the 
hydrogen  dimer  ((Hj/*)  seen  in  Jupiter  «.nd  Saturn's 
atmosphere."*  The  hydrogen  dimer  features  involve  the  1*2 
and  1*3  scattering  resonances  of  the  free  pair. 

Other  systems  of  interest  for  Titan's  atmosphere 
arc,  of  course,  N7-N2  and  H2~Ar  which  we  will  also 
consider. ^  For  the  first  time,  coi I ision-induced 
rotational  spectra  art-  obtained  for  these  systems  with 
the  he*lp  of  a  quantal  formalism  which  accounts  for  the 
anisotropy  of  tne  interaction  potential/'  All  previous 
work  was  done  with  isotropic  potentials  and  the  role  of 
the  anisotropy  was  not  well  understood.  Especially  for 
nitrogen  tne  anisotropy  is  considerable,  and  the 
systematic  invest igat ion  of  the  role  ot  the  anisotropy 
for  coilisionai  induction  has  just  been  tackled. 

*Tne  support  of  the  National  Science  Foundation,  grant 
AST- dj 10 786  is  gratefully  at  Knowledge! . 

**0n  leave  from  the  Physics  Department,  University  of 
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TRANSITION  PROCESS  UNDER  INTENSE  LASER  FIELD: 
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:  of  studies  concerning  laser  induced 

-ar.smr  'LICET1  have  been  made  both 
.  2 

:  rr.e  icaily  .  ;he  cross  section 
5;>s  :rr:--3as**s  linearly  with  the  field 
. s  *em  is  is  understood  by  the  per- 
It,  hi,wevert  increases  with  large 
certain  value,  here  we  report  the 
:r.ss  sermon  with  the  field  inten- 
r* lov:*y  for  strontium  and  caiciun 


tied  to  have  three  states: 

•  A1  )l'B2>  and  /f.\  = 


3,  are  atonic  states  shown  in  Fig.l. 


ff-  .*r.r  the  state  /f^>  ,  = 

-  .r.teract  ion,  =  dipole-field  mter- 

ar.d  a’  the  energy  difference  divided 


detuning  freq.  Q 

-  B3  3d4p  F^ 


A.  ts  .p 


:o-1  -  / 

/ 


10  i 

P  'WER  DENSITY 


FIGURE  2  Several  examples  of  S.  ,  A:  v=10  --m/sec,  B: 

5  37 

v=10  cm/sec  and  c:  10  cn/sec . 

At  large  limit  of  U^  the  cross  section  S^  roughly 


changes  as 


c  ,,-1.5  6/5 

S3^U23  V 


B1  as2  ’so 


A  few  examples  are  shown  in  Fig. 2.  In  these  cases  we 
did  not  consider  the  detuning  frequency  effect  which  is 
controversial  in  that  theoretical  works  differ  from  ex¬ 
periments.  Our  method  produces  same  result  with  other 
theoretical  works. 


yh-h. 
•  *  .*  • 
%■  ■ 


r-.' 

■’•■V.vJ 


FIGURE  1  Energy  diagram  of  the  system 


r /  the  method  proposed  previously  the  cross  section  5 ^ 
of  me  transition  from  |f  \  to  |f3>is  obtained  as 


?  \.'\r 
0. 314'2Wv ’g . * 


sqrt'1+3),  L 


■  »v2«.1/10  U-^2 


and  Z  is  a  effective  frequency'  dimensionless1  and  is 
too  complicated  to  be  explained  here.  In  the  expression 
above  v  is  the  relative  velocity,  L^  is  a  impact  para¬ 
meter  to  make  0  zero  and  g  is  the  constant  part  of 
dipole-quadrupole  interaction  U  . 
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LASER  ASSISTED  CHARGE  TRANSFER  REACTIONS  IN  SLOW  ION-ATOM  COLLISIONS: 
COUPLED  DRESSED  QUASIMOLECULAR-STATES  APPROACHES* 

T.  S.  Ho/  C.  Laugh  1  In*  and  Shih-I  Chu*,: 

^Department  of  Chemistry,  University  of  Kansas,  Lawrence,  Kansas  66045 
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Semiclassical  coupled  dressed-quasimolecular- 
states  (DQMS)  approaches  will  be  presented  for  the  non- 
perturbatlve  treatment  of  charge  transfer  reactions  at 
low  collision  velocities  and  high  laser  intensities. 

The  DQMS  are  first  obtained  via  Che  Floquet  theory.1 
The  laser  assisted  collision  process  can  then  be 
treated  as  the  electronic  transitions  among  the  DOMS 
driven  by  the  nuclear  motion  only.  The  expansion  of 
the  total  electronic  wave  function  in  a  truncated  DOMS 
basis  results  in  a  set  of  coupled  adiabatic  equations. 
The  adiabatic  DQMS  and  their  associated  quasienergies 
(depending  parametrically  upon  the  internuclear  separa¬ 
tion  R)  exhibit  regions  of  avoided  crossings,  where  the 
electronic  transition  probabilities  are  large  due  to 
strong  radial  couplings  induced  by  the  nuclear  move¬ 
ment.  By  further  transforming  the  adiabatic  DQMS  into 
an  appropriate  dlabatic  DQMS  representation,  defined 
via  the  vanishing  of  the  aforementioned  radial  coupl¬ 
ings,2  we  obtain  a  new  set  of  coupled  diabatic  equa¬ 


tions  which  offer  computational  advantage. 


The  method 


will  be  illustrated  by  a  case  study  of  the  laser  as¬ 
sisted  charge  exchange  process  He**  +  H(ls)  +  fi-  ^ 
He+(n-2)  +  H+,  in  a  two-state  approximation,  for  the 
velocity  range  from  1.5  *  10"*  to  2  '  I02  cm/s  and  for 

2 

the  laser  intensity  in  the  range  of  0.4  to  4.0  TW/cm  . 

Also  to  be  presented  is  a  further  extension  of 
the  coupled  DQMS  approach,  incorporating  the  implemen¬ 
tation  of  the  generalized  Van  Vleck  (GVV)  perturbation 
theory.*  The  GW  technique  allows  block  partitioning 
of  the  Infinite  dimensional  Floquet  Hamiltonian  to  a 
finite-dimensional  model  DQMS  space,  thereby  reducing 
greatly  the  number  of  coupled  channels  for  more  complex 
systems.  Furthermore,  the  GVV-Floquet  basis  minimizes 
the  part  of  the  radial  coupling  matrix  that  is  provoked 


mainly  by  the  resonant  laser  field,  yielding  a  new 
set  of  coupled  equations  (neither  adiabatic  nor  dia¬ 
batic)  which  provides  additional  advantages  for  multi¬ 
channel  calculations.  The  coupled  CVV-DOMF  approach 
has  been  recently  applied  successfully  to  a  detailed 
study  of  the  laser-assisted  process:  Li+^  +  H(ls)  + 
h-  -  Li+2(n«3)  +  H+,  using  the  two-,  five-,  and  15- 
D0MS  basis.  It  is  found  that  while  the  five-state 
results  agree  well  with  the  16-state  calculations 
even  up  to  very  high  intensities  (T  £  IDO  TW/cm2), 
the  two-state  model  is  much  less  satisfactory  at  high 
intensity  and  lower  wavelength  regimes,  indicating 
the  importance  of  including  sufficient  channels  in 
the  treatment  of  complex  charge-exchange  reactions 
in  the  presence  of  laser  fields.  Our  coupled  DOMS 
studies  further  reveal  new  dynamical  features  for  the 
first  time  such  as  the  nonlinear  dependence  of  the 
charge-exchange  cross  sections  upon  laser  intensity 
and  impact  velocity,  etc.  Detailed  results  will  he 
presented . 
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SATELLITE  SPECTRA  IN  LASER  ASSISTED  CHARGE  TRANSFER  COLLISIONS 


Y.  P.  Hsu  and  R.  E.  Olson 

Department  of  Physics,  University  of  Missour i-Rolla ,  Rolla,  MO  65401  USA 


A  six-state  coupled-channel  calculation  using  the 
molecular-state  expansion  method  has  been  performed  on 
the  laser-assisted  charge  transfer  reaction 
H+  +  Na  ■*  H(n»2)  +  Na+.  We  have  used  a  collision 
velocity  of  0-002  a.u.  and  a  laser  power  density  of 
I  GW/cm“  in  the  calculations.  The  computational 
method  has  been  described  in  detail  in  a  previous 
paper . 

The  potential  energy  curves  of  the  Born- 

Oppenheimer  molecular  states  of  NaH+  are  shown  in 

Fig.  1,  For  Che  laser  frequency  range  of  interest, 

the  main  charge  transfer  contribution  comes  from 

1Z-2"  transitions,  with  a  secondary  contribution 

coming  fron  2-5H  transitions.  At  low  collision 

velocity,  the  transitions  will  mainly  take  place 

around  the  stationary  points  where  the  photon  energy 

matches  the  difference  potential  between  initial  and 

final  states.  The  difference  potentials  between  L' 

and  2'.  and  between  the  11  and  5“  states  are  shown  in 

Fig.  2.  Note  that  the  curve  has  an  extremum  at 

=  13.82  a.u.,  the  satellite  point,  with  a  magnitude 

of  f. ..  (R  )  -  ^  -  0.0473  a.u.  For  a  laser  frequency 

21s  s 

of  *  ,  >  •  ,  there  exists  two  stationary  points, 

Is  * 

R  and  R  ,  ,  while  for  -x  <  u)  ,  there  exists  no  sta- 
ca  cb  2s 

tionary  point.  A  greatly  enhanced  cross  section  is 

realized  for  u>  >  u»  ,  due  to  the  coherence  effect  of 
'  s 


O.OSr 


K/aOP) 
H  (*•*) 


N*(iS) 


”°'20.0  10.0  20.0  30.0  40.0 

ft  (a.  u.  1 
Figure  1 

The  computed  charge  transfer  cross  section  to 
the  2-  state  is  represented  by  triangles  in  Fig.  3, 
where  it  is  plotted  against  applied  laser  frequency. 

The  dashed  line  in  the  same  figure  represents  a 

2 

Sando-Womhoudt  type  approximation  while  the  dot-dashed 
line  represents  a  Uniform  Stationary  Phase  Approxi¬ 
mation.^  These  two  approximations  are  based  on  an 
expansion  of  the  phase  integral  around  the  stationary 


o.o9  r 


points  and  enjoy  some  success  In  explaining  the 
satellite  spectra  in  molecular  emission.  They  pro¬ 
duce  unsatisfactory  results  here.  A  new  expansion 
about  the  satellite  point,  the  results  of  which  are 
represented  by  the  solid  line  in  Fig.  3,  fit  the  data 
well.  The  details  of  the  calculations  will  be  pre¬ 
sented  at  the  conference. 


CJ  !•.  u.J 
Figure  3 
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xtecen  tly1  we  demonstrated  theoretically 
the  effect  of  a  single-mode  laser  field  on 
He+-He  charge  transfer  collision.  In  the 
present  work  we  include  the  following  two 
effects  not  considered  ear-iier  : 

(i)  Ihoton  correlation  effect  due  to  a 
finite  bandwidth  of  the  laser,  which  is  supp¬ 
osed  to  be  "on"  during  che  entire  collision 
process,  and 

(ii)  Kon-linearity  effect  due  to  multipie- 
photon  emission/ absorption  by  the  colliding 
system. 

Within  the  impact  parameter  formalism, 

:he  coupled  equations  for  a  two-state  quasi- 

1  2 

molecular  diabatic  representation  ’  are 
set  up  in  the  form  . 


Here  is  the  occupation  coefficient  of  the 
i-th  state  with  r  photons  absorbed  from  the 
field,  Ml  [r,Hel]|  A,  and  I(U)  is  the 
frequency  distribution  of  the  intensity  centered 

around  with  a  bandwidth  6.  t  marks  the 

o  o 

instant  at  which  the  boundary  conditions  on  A 
are  known,  linear  polarization  along  ^  is 
assumed,  note  that  the  rotating-wave  approxi¬ 
mation  used  earlier1  has  been  dispensed  with. 

iutting  Jl  (w)  **  S(»)  and  taking  the  frequ¬ 
ency  denominator  out  of  the  ^-integral,  we  find 
that  the  latter  gives,  as  an  inverse  Courier 
transform,  the  electric  field  with  the  first- 
order  photon  correlation  built  in  as  determined 
by  the  frequency  distribution  I(<0).  assuming 
a  iiaussian  lineshape,  we  solved  the  equations 
for  values  of  r  upto  1,2,...  till  ’saturation1 
i.e.  the  full  non-linear  photon  emission/ 
absorption  effect  showed  up  in  the  charge 
transfer  probability,  which  is  obtained  by 
summing  over  all  r. 


are  shown  in  the  figure.  The  effect  of 
increasing  the  bandwidth  (upto  50  »)  is 
found  to  be  marginal  and  undetectable  in  the 
scale  of  the  figure.  ..e  wish  to  present 
detailed  results  of  the  laser  field  effect 
upon  the  charge  transfer  cross-section  at 
the  conference. 


Impact  parameter  times  charge  transfer 
probability  plotted  vs  impact  parameter, 
laboratory  ion  energy  =  500  eV.  Full-line 
curve,  field-free  results?  broken  line, 
single-photon  emission/ absorption?  chain 
line,  nonlinear  (saturation)  emission/ 
absorption  at  a  wavelength  of  500b  a  and 

intensity  1*1014  W/cm2,  with1?  chosen 
parallel  to  the  particle  trajectory. 
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representative  results  showing  the  onset 
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COMPARISON  OF  Na+  ION  PRODUCTION  IN  100-2000  eV  [He+/Ar+]  +  Na(3s,  3p) 
COLLISIONS  USING  CROSSED  LASER,  ION  AND  ATOM  BEAMS 

C.  R.  Hunmer,  A.  Berlin  and  W.  W.  Smith 
Department  of  Physics,  University  of  Connecticut,  Storrs,  Connecticut  06268 


We  have  constructed  a  crossed  beam  apparatus, 
shown  schematically  in  Figure  1,  for  studying  ion-atom 
collisions  with  laser-excited  atoms.  The  apparatus 
incorporates  time-of-flight  mass  analysis  to  identify 
the  product  ion  species  and  uses  a  commercial  single- 
mode  ring  dye  laser  to  provide  stong  steady-state 
excitation  of  the  Na  atoms  at  589  nm  on  the  F=2  to  F=3 
hyperfine  transition.  To  date  we  have  obtained  data 
using  He  and  Ar  projectiles  on  a  beam  of  Na  atoms. 


FIGURE  1  Schematic  of  triple  crossed-beam  apparatus  for 
studying  ion-beam  collisions  with  a  laser- 
excited  atomic  beam  under  single-collision 
conditions.  A  low-energy  lOOeV  -  lOOOeV  ion 
beam  intersects  the  polarized  laser  beam  and 
perpendicular  atomic  beam,  between  a  pair  of 
parallel  electrodes.  A  30-volt  pulse  is  used 
to  collect  the  accumulated  slow  target  ions. 

Preliminary  data  for  250  and  500  eV  He+  +  Na 
suggest  that  laser  excitation  to  the  3p  state  with 
circularly-polarized  light  perpendicular  to  the  incoming 
ion  beam  reduces  the  Na+  ion  production  signal  relative 
to  the  3s  state  signal  with  the  laser  off.  This  effect 
is  particularly  clear  at  250  eV  and  is  less  pronounced 
at  500  eV.  We  are  presently  continuing  these  measure¬ 
ments  at  lower  energies  and  making  a  systematic  study  of 
Ar+  +  Na ( 3p )  collisions  as  well. 

The  laser  was  locked  to  the  peak  of  the  florescence 
from  the  sodium  beam  by  using  a  slow  feed  back  loop. 

An  error  signal  is  fed  back  to  the  laser,  to  center  the 
frequency  of  the  laser  to  the  peak  of  the  florescence. 
This  technique  was  used  by  Prof.  Hertel's  group  at 
Berlin  in  a  similar  study  of  Na+  +  Na  collisions.1 


FIGURE  2  Time-of-flight  spectrum  of  the  ions  produced 
in  the  present  experiment  (with  laser  off). 

The  spectrum  shows  a  large  helium  peak  caused 
by  resonant  charge  transfer  and  a  peak  from 
water.  Both  of  these  gases  are  present  in  the 
chamber  as  a  background  gas.  It  is  also  seen 
that  a  peak  due  to  sodium  is  well  resolved. 

On  the  basis  of  level-matching  considerations  and 
2 

prior  energy  loss  studies  ,  it  seems  reasonable  to  assume 
that  the  primary  production  mechanism  for  slow  Na+  ions 
is  He  +  Na  ->  He(lsnl)  ♦  Na  quasi -resonant  charge 
transfer  rather  than  direct  ionization  at  the  energies 
we  are  using.  The  present  experiment  does  not  determine 
the  state  of  the  helium  atom  after  the  charge  exchange 
collision.  It  is  expected,  however,  that  a  large 

3 

portion  of  these  atoms  are  in  the  2  5  or  higher  states 
as  shown  by  Reynaud  et  al.  We  are  in  the  process  of 
performing  further  experiments  to  pin  down  the  collision 
mechanism  in  more  detail.  Preliminary  indications  show 
variations  in  the  slow  ion  signals  depend  on  the  laser 
polarization.  These  alignment/orientation  effects  on 
the  charge-transfer  process  are  being  studied  system¬ 
atical  ly. 
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CHARGED  PARTI  L.E  SCATTERING  IN  STRONG  STOCHASTIC  RADIATION  FIELDS 
4-  +  O  + 

R.  Daniele  ,  G.  Ferrante  ,  F.  Morales  and  F.  Trombetta 
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In  this  work  we  consider  the  theory  of  charged  par¬ 
ticle  scattering  by  a  static  potential  in  the  presence  of 
strong  Markovian  stochastic  radiation  fields.  Two  models 
of  such  are  considered:  (a)  the  phase  diffusion  model 
(PDM) ,  in  which  the  field  undergoes  only  phase  fluctua¬ 
tions,  it  corresponding  to  an  intensity-stabilized  single 
mode  laser;  and  (b)  the  chaotic  field  model  <CH) ,  ir.  whirl, 
the  field  undergoes  both  amplitude  and  phase  fluctuations, 
it  corresponding  to  a  pulsed  multimode  laser  with  a  large 
number  of  uncorrelated  modes. 

The  scope  of  this  work  is  two-fold:  (i)  to  learn  how 
are  changed  the  cross  sections  in  comparison  with  those 
obtained  within  the  ideal,  single  mode  model  of  a  radia¬ 
tion  field;  and  (ii)  to  investigate  the  role  of  the  field 
statistical  properties  in  highly  nonlinear  domains  of 
particle-field  interaction.  The  consideration  of  the  sta¬ 
tistical  properties  of  strong  radiation  fields  adds  a  new 
dimension  of  the  field-assisted  collisions,  as  in  several 
cases  the  field  is  treated  exactly,  at  all  orders.  Inve¬ 
stigations  on  this  aspect  of  field-assisted  collisions 
are  only  at  their  beginning1  Specifically  we  report  on 


FIGURE  1  Differential  cross  sections  (  r a^  ster."1)  vs 
the  scattering  angle.  Single  mode  field  (lower 
curve)  ,  chaotic  field  with  bandwidth  Aoj  «  0 
(upper  curve) .  n  =  1  photon  exchanged. 


field-assisted  electron  scattering  by  a  screened  coulomb 
potential,  treated  in  the  first  order  of  the  scattering 
potential.  Fig.s  1  and  2  anticipate  some  of  the  results 
which  will  be  presented  at  the  Conference.  Tne  incident 
particle  beam  energy  is  taken  «  100  eV,  the  laser 

photon  energy  htu  -  1.17  eV,  the  field  intensity  X.  * 

2 

W/cm  ;  the  field  bandwidth  is  choosen  such  that  the  ra¬ 
tio  £u >/  w  ^0  and  10  \ 


.  r  - .  ;  H - — - - 


FIGURE  2  Total  cross  sections  (  7ta0)  vs  the  laser  inten¬ 
sity.  Chaotic  field  case  for  n  pho to nf exchanged. 
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ELECTRON  ATOM  SCATTERING  IN  THE  FIELD 
OF  A  SYMMETRIC  MODE  LOCKED  LASER* 

Marvin  H.  Mittleman 

Physics  Department,  The  City  College  of  New  York 
New  York,  NY  10031 


When  a  electron  scatters  from  an  atom  near  the 
forward  direction  the  cross  section  is  essentially 
determined  by  the  long  range  potential.  For 
spherically  symmetric  atoms  this  Is  the  polarization 
potential  -  If  the  experiment  takes  place  In  a 

laser  field  then  the  atom  is  polarized  by  the  laser 
and  this  Induces  an  oscillating  dipole  and  a 
permanent  quadrupole  potential  in  the  electron-atom 
interaction.  The  forward  scattering  is  then  greatly 
enhanced.  If  the  laser  is  nearly  resonant  with  an 
allowed  transition  in  the  atom  the  effect  occurs  even 
when  the  laser  is  weak.1  (A  few  W/cm*  is  enough  to 
saturate  a  typical  transition.)  If  the  laser  is  not 
resonant  it  has  to  be  more  Intense  for  the  effect  to 
occur.2 

Little  has  been  done  in  this  context  with  lasers 
wnich  are  not  "ideal”  (i.e.,  single  mode  and  constant 
amplitude)  but  one  could  deal  with  chaotic  lasers  by 
well  established  techniques.*  Perhaps  a  more 
Interesting  case  is  that  of  mode-locked  lasers  in 
which  the  beating  among  the  modes  results  in  a  laser 

intensity  which  can  have  sharp  temporal  spikes  and 
thereby  affect  the  atom  more  Intensely.  Asymmetrlc- 

mode-locked-laser  of  the  form 

E  -  fE0*I^n-iEn  cos(nnt))  C03(wt*9)  (1) 

is  a  special  case  in  which  the  two-state  rotatlng- 
wave-approximatlon  wavefunctions  can  be  obtained 
analytically  for  small  detunings.*  For  the  simplest 
case,  N-1,  the  time  averaged  probability  of  finding 
the  excited  P  state  is 

,  WJjA 

'  1  <’ - AT - ’  (2’ 


where  the  quantities  are  defined  as  follows:  Aw  Is 
the  detuning  of  the  central  mode  of  (1)  from 
resonance  and  we  assume 

| Au|  «n.  (3) 

A l  -  d.Si  (l-o,l. ..N)  and  d  is  the  dipole  moment 
connecting  the  two  states.  v  is  the  integer  closest 
to  (-A0/n)  and  we  have  also  assumed  that 

A  •  (A0  ♦  vn)  <<n.  (*0 

Examination  of  (2)  shows  a  resonance-llke  behavior  of 
Pex  as  a  function  of  the  (central)  laser  frequency, 
or  more  interestingly,  as  a  function  of  laser 
intensity  via  A. 

Forward  elastic  scattering  of  the  electron  acts 
as  a  probe  of  the  P  component  of  the  atom  so  the 
cross  section  will  be  a  rapidly  varying  function  of 
laser  frequency  and  amplitude.  If  fluorescence  is 
neglected,  if  the  final  atomic  state  is  not  observed, 
and  if  the  fine  struction  of  the  energy  distribution 
of  the  electron  (on  the  scale  of  n)  is  also  not 
observed,  then  the  cross  section  is  proportional  to 
Pex  and  exhibits  the  resonance  structure  found  there. 
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Direct  Radiative  Recombination  emission  is  eva¬ 
luated  in  a  hydrogenic  Be  plasma  which  exhibits  a 
strongly  non- Maxwe Ilian  character  due  to  the  inver¬ 
se  b remss trah lung  heating  by  a  Nd  laser.  The  non- 
Maxwe Ilian  electron  distribution  functions  have 
been  obtained  from  a  Fokker-Planck  simulation  by 
Matte  et  al',  and  the  resulting  DRR  emissivity  coef¬ 
ficients  are  shown  in  the  figure  for  three  positions 

along  the  laser  direction  with  electron  densities 

2 1 

lower  than  the  critical  density  np  *  10  e/cc  (  i. 
e.  where  the  laser  penetrates  and  the  Maxwellian 
equilibrium  is  perturbed  ).  The  predicted  spectra 
are  obviuously  strongly  non-Maxwe 1 lian,  though  not 
to  the  point  as  when  electron  electron  collisions 
are  nc"lected^.  The  fact  that  the  slope  is  not 
constant  invalidates  the  traditional  temperature 
diagnostic  <L>:J  (IT.)  /  d(KL)  =  -l/kTg.  The  deduced 
temperature  would  be  overestimated  by  an  order  of 
magnitude  right  at  the  Is  threshold,  and  is  exact 
within  50  Z  for  photon  energies  larger  than  2  keV 
above  that  threshold.  We  also  evaluate  the  polari¬ 
sation  of  the  DRR  emission  caused  by  the  anisotrop- 
of  the  electron  distribution;  the  degree  of  polari¬ 
sation  appears  to  be  significant  only  at  large  pho¬ 
ton  energi  «?s . 
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figure;  Radiative  recombination  emissivity  coeffi¬ 
cients  J  (Hu)  in  J  m  ^  (  per  steradian  and  polari¬ 
zation  mode)  as  a  function  of  photon  energy  If.  for 
three  positions  along  the  laser  direction'. 

(  —  )  :  X  =  '90;.,  N  -  0.  16  N  ,  T  «  2.07  keV; 

e  c  e 

(-  .  -)  :  X  »  5171.,  N  *  0.40  N  ,  T  -  2.2  7  keV; 

e  c  e 

(-  .  .  -):  X-  380 l,  N  -  0.97  N  ,  T  *  2.24  keV. 

e  c  e 

The  dashed  lines  correspond  to  the  Maxwellian  re¬ 
sults  for  the  same  N  ,  T  values. 
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RADIATIVE  ELECTRON-ATOM  COLLISIONS  IN  A  STRONG  LASER  FIELD 
F.H.M.  Faisal 

Fakultat  fur  Physik,  Universitat  Bielefeld,  Fed.  Rep.  Germany 


This  paper  is  concerned  with  a  number  of  problems 
in  the  theory  of  electron-atom  coll  ision  in  a  strong  radi¬ 
ation  field  (a  laser  field).  Higher  energy  "off-shell" 
excitations  of  atoms  by  the  simultaneous  electron-photon 
collisions  are  considered  for  the  H  and  the  He  atoms. 
Comparison  of  the  results  support  the  view  that  atoms 
with  the  higher  dipole  polarizabilities  are  to  be  pre¬ 
ferred  for  the  higher  "off-shell”  signals.  In  the  pres¬ 
ence  of  a  laser  field  the  distribution  of  the  states  of 
the  target  atoms  is  generally  driven  far  away  from  the 
thermal  equilibrium.  The  problem  of  the  initial  distri¬ 
bution  for  the  electron  scattering  is  examined  from  the 
point  ot  view  of  the  steady-state  beam  experiments.  An 
explicit  distribution  in  the  presence  of  the  losses  due 
to  the*  field  induced  ionization  and  the  transit  of  the 
beam  atoms  is  analyzed,  the  result  compared  with  special 
cases,  and  the  significance  of  a  conjecture  of  Hertel 
et  al.  is  pointed  out.  Some  of  the  most  dominant  phe¬ 
nomena  to  occur  during  the  radiative  electron  scattering 
at  low  energies  (E-  <,  fua)  are  discussed  using  a  simple 
model  referring  to  the  e-H  scattering.  They  include  such 
effects  as  the  "reflection"  of  the  bound  negative-ion 

state  (H")  in  the  scattering  channel,  the  resonant- 
excitation  of  H  with  "subthreshold"  electrons,  and  the 
p.,  ,  ability  of  photon  amplification  by  resonant  radiative 
sea  t  tering. 


Electron-Hydrogen  Scattering  in  a  Laser  Field 
Resonance  Structures  and  Cusps 


!NCIC£*<'  £.£C'bCs  £‘»£*G,r 


FIGURE  1  Low-energy  phenomena  in  radiative  e-H 
scattering.  Upper  diagram:  is  model  Is-ls  cross 

section  at  zero  field.  Inset  is  magnification  of  the  '■  s 
resonance  at  9.558  eV  (width  »  0.04  eV).  Lower  diagram: 
0-1  o  *S  *s  ,s  cross  section  in  presence  of  the 

field  (with  no  ret  exchange  of  photons).  F  «  0.005  a.u. 

12  2  ° 

(I  ~  0.85 x  10  W/cm  ,  (.•  »  1.35  eV).  Sharp  structure 

at  ~  O.h  eV  is  one-photon  resonance  with  H“  state  (at 

~  0.75  eV).  Small  peak  at  ~  1.95  eV  is  two-photon 

resonance  with  the  H  state.  The  scales  are  in  a.u. 


FIGURE  2  The  photon-absorption  coefficient  V(Ej)  vs. 
the  incident  electron  energy  E^  for  the  radiative  scat¬ 
tering  of  electrons  with  H  atoms  at  t  •  0.05  a.u.  and 
three  different  field  strengths  F^  *  0.001,  0.0025,  and 
0.005  a.u.  Note  that  the  negative  absorption  or  the  gain 
occurs  resonantly.  The  scales  are  in  a.u. 


SIMULTANEOUS  ELECTRON  PHOTON  EXCITATION  OF  HYDROGEN  ATOM 


R .S.Pundir*  and  K.C.  Mathur 

Department  of  Physics,  University  of  Roorkee,  P.oorkee  247  667  ,  INDIA 


The  ls-2s  excitation  of  hydrogen  atom  by 
simultaneous  electron  and  laser  photon  impact 
is  investigated  in  the  framework  of  the  time 
dependent  perturbation  theory.  The  laser-atom 
interaction  is  treated  in  the  dipole  plus 
■  1  u  i  dr  a  pole  approximation . 

The  scattering  amplitude  for  the  ioint 
excitation  of  H  atom,  in  which  only  one  photon 
i y.  absorbed  from  the  laser  beam  is  Given  by* 
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.-  ar.J  j  are  the  direct  and  exchange  amplitudes 
m  and  n  are  the  intermediate  states  with 
atomic  frequencies  and  respectively,  r^ 
is  the  position  vector  of  the  atonic  electron 
r».,  and  2  •  are  the  polar  anqles  of  q.  p  and  p’ 
are  the  momenta  of  the  incident  and  scattered 
electron,  K  is  the  amplitude  of  the  electric 
f.eld  of  the  laser  and  .  is  the  laser  fre¬ 
quency.  H'°  is  the  laser-atom  interaction  in 
tr.e  dipole  plus  yuadrupole  approximation^.  The 
laser  is  assumed  to  be  circularly  polarised. 

To  rerform  the  s am  over  intermediate 
states  in  eq  .at  ion ( 1 )  ,  we  take  2p,3p,3d,4p 
and  4d  states  explicitly  and  account  for  the 
remaining  states  t  h. rough  closure.  We  also 
perform  :•  calculation  using  exact  2p  state  and 
ip,  3d,  4r  and  4d  rseudostates  .Tr.e  total  cross 


section  is  given  by 


(2! 


r.-.o  wavelength  v.ir  i  at  ler  of  for  the 
is-2n  ox:  i  *  .it  inn  of  ny  irogen  atom  at  an  inci- 


Lasor 

Pig.  !  . 


7  ur  v**t;  P.  an:  r^pren*‘n*  wi*  h  T  jsure  a  ni 

v:*,.:-:  h  o  1  a g u *■  »■»  respovt  i vp ly .  "*ur  v<*  i  .  jives 
results  using  pseu  Jos  *  u-v.s .  *.  r  r  the 

t i  tiro  we  see  that  there  is  a  considerable 
difference  between  P ^  and  P-,  in  the  off  rose- 
mn-'e  region  f  975  - 1  '‘b 5A°)  which  shows  that  in 
this  region  the  cl os  ire  contribution  is 


significant.  Near  the  resonance  r^-ians  clo¬ 
sure  contribution  becomes  i  nsig..  1 1  icant .  we 
also  notice  that  f,'">re  are  significant 
enhancements  in  cj  in  the  region  close  to 
97  0-9  7  5A° ,  1023-1028A0  and  X210-1220A°.  The 
increase  in  c  in  these  regions  occurs  because 
of  ( 4p; 4d)  ,  ( 3p; 3d )  and  2p  resonant  states 
respectively.  The  curve  shows  a  gradual 
variation  in  3  from  965A°  to  1030A°.  In  the 
region  away  from  resonances  is  in  reasonable 
agreement  with  .  In  region  1210-1220A0, 
all  curves  P^,  and  P^  give  identical 
results  showing  that  the  dominant  contribu¬ 
tion  comes  from  the  2p  state  which  is  taken 
exactly  in  all  three  cal ~ul ations . 

*  Present  address:  Defence  Electronics  Appli- 
catio.  r,  Laboratory, 

Dehradun  248001,  India 
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THE  INFRARED  SPECTROSCOPY  OF  WEAKLY  BOUND  HYDROGEN  CLUSTER  IONS 
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We  are  studying  the  vibrational  predissociation 

spectra  of  hydrogen  cluster  ions.  Although  very  little 

spectroscopy  has  been  done  on  cluster  ions,  cluster 

chemistry  is  important  since  clusters  are  a  first 

approximation  to  the  liquid  phase.  Because  of  their 

relatively  few  electrons,  hydrogen  cluster  ions,  in 

particular,  are  valuable  as  a  test  of  ab  initio 

theory.  Yamaguchi,  Gaw,  and  Schaefer  have  predicted 

+  + 

ab  initio  structures  and  frequencies  of  Hj.,  H7,  and 
+  1  3 
h9. 

We  have  seen  an  absorption  peak  corresponding  to 
an  H-H  stretching  motion  in  the  cluster  ions  Hn 
{rt-  5,  7,  9,  11,  13,  15).  The  agreement  with  theory 
is  within  40  cm"1  after  a  term  primarily  due  to 
anharmonicity  is  subtracted.  It  is  unclear  whether  we 
are  exciting  a  rotational  band  of  the  H-H  stretch 
alone  or  the  fundamental  with  a  combination  band. 

The  ions  are  created  by  supersonically  expanding 
a  beam  of  pure  hydrogen  followed  by  electron  bombard¬ 
ment  ionization.  A  sector  magnet  selects  the  desired 
ion  mass  which  is  directed  into  a  radio  frequency 
octopole  trap.  Here,  tunable  infrared  light  from  a 
Nd:YAG  pumped  optical  parametric  oscillator  interacts 
with  the  trapped  ions.  The  fragment  ions  from 
dissociation  then  pass  through  a  quadrupole  and  are 
detected.  By  computer  scanning  the  0P0,  and 
monitoring  the  fragment  ion  mass,  we  are  able  to  see 
the  absorption  spectra. 

Figure  1  shows  the  absorption  spectra  from  H~ 

+  +  +  ^ 
dissociating  to  H^ ,  H^,  and  H^.  Several  features 

are  noteworthy.  The  three  peaks  are  quite  broad  and 
may  contain  structure  underneath.  A  small  depletion 
peak  is  evident  in  the  H*  -*  H^  +  H?  spectrum.  Its 
location  corresponds  to  the  absorption  peak.  It 
will  be  interesting  to  study  the  power  dependence  of 
the  lower  energy  side  of  the  H*  -■>  H^  *  3H?  peak. 

It  is  not  unrealistic  that  a  multiphoton  process  could 
be  responsible  for  the  signal  here.  Another  observa¬ 
tion  we  have  made  is  that  the  peak  of  the  band  shifts 
to  higher  energies  with  increasing  cluster  size.  In 
Hj ,  the  peak  is  ~?50  cm  1  lower  than  that  of  free  H,, 
whereas  in  H^,  the  peak  is  only  -107  cm"'  lower. 

There  may  be  structure  under  our  broad  peaks.  In 
order  to  see  this,  we  will  be  repeating  the  experiments 
with  a  couple  of  modifications.  Our  current  linewidth 


.  H3+3H2 


~  H^-*H5  +  2H2 


Hq  **H^  f  H2  - 
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Fig.  1.  Photodissociation  spectra  of  H§  detected  by 
monitoring  fragment  ion  signal  for  all  three 
channels. 

is  10-30  cm"1,  whereas  the  rotational  spacing  in  H. 

i  5 

is  approximately  7  cm  .  One  necessary  change,  then, 
is  going  to  a  narrower  linewidth  laser.  We  plan  on 
using  a  difference  frequency  laser  and  an  F-Center, 
which  hav"  linewidths  of  0.?  cm"1  and  less  than 
0.1  cm-1  respectively.  Another  improvement  will  be 
changing  to  a  cooler  ion  source.  The  current  one 
produces  ions  rotationally  ana  v  inrat lona 1 1 y  hot.  We 
will  be  usiny  a  corona  discharge  source  for  the  higher 
resolution  experiments. 


1.  Y.  Yamaguchi,  J.  Gaw,  an:  h.  Scnaefer  III,  ,1. 
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PHOTOFRAGMENTATION  OF  CLUSTER  IONS  OF  CESIUM 

Rolf  Moller  and  Hanspeter  Helm 

Molecular  Physics  Department,  SRI  International,  Menlo  Park,  CA  94025 


In  a  fast  beam  (1-5  keV)  we  have  studied  photodis¬ 
sociation  of  cluster  ions  of  cesium  which  we  formed  by 
field  Ionization1  on  a  microscopic  (40  tjm)  droplet 
of  molten  cesium.  A  Wien  filter  and  two  stages  of 
energy  analysis  of  the  charged  photof ragtnents  allows  us 
to  separate  individual  products  from  a  single  parent 
and  also  to  photodissociate  energy  selected  photo- 
fragments,  uniquely  defining  the  fragmen¬ 
tation  pattern  and  the  c.m.  energy  release  in  the 
dissociation  event*  Fig.  I  shows  the  wavelength 
dependence  for  photodissociation  of  Csn+  into  Csm+ 
obtained  by  illuminating  the  entire  parent  beam 
with  50  mW  CW  laser  beams.  The  parentage  of  a  given 
feature  in  Fig.  1  can  be  unambiguously  identified  by 
operating  the  Wien  filter  in  the  parent  beam  line.  The 
dominant  contributions  in  Fig.  I  arise  from 
product/parent  mass  ratios  m/n  *  1/5,  1/4,  1/3,  2/5, 
3/7,  1/2,  and  2/4.  The  fragmentation  patterns  show  a 
pronounced  wavelength  dependence. 


Photodissociation  of  the  trimer  ion  to  Cs+  in  the 
region  between  8000  and  6700  4  produces  c.  ra.  energy 
releases  which  increase  linearly  with  photon  energy; 
kinetic  arguments  Imply  preferential  dissociation  into 
three  ground  state  products  in  this  wavelength  range. 
From  the  measured  energy  release  a  bond  energy  of  the 
trimer  ion  of  ~1.3eV  can  be  estimated.  By  contrast  the 
dissociation  of  the  trimer  between  4000  and  5000  & 
reveals  little  kinetic  energy  release  (<40  meV).  In 
this  wavelength  range  dissociation  preferentially  popu¬ 
lates  the  channels  Cs+  +  Cs2 »  and  Cs2+  +  Cs,  the  excess 
energy  appearing  as  Internal  excitation.  The  photo- 
f ragmentation  tree  of  Csj+  in  Fig.  2  shows  the  three 


possible  branches  with  relative  cross  sections  being 
represented  by  the  length  of  each  branch.  The  absolute 
cross  section  for  photodestruction  of  Cs3+  at  4880  A 
was  determined  to  be  ~2A^.  The  full  circles  in 
Fig.  2  represent  photodlssoclatlon  measurements  using 
the  fixed  frequency  lines  of  ion  lasers.  The  data 
points  are  connected  as  a  guide  to  the  eye.  The 
ir-portion  of  the  branch  Cs+  +  2  Cs  was  scanned 
continuously  by  a  dye  laser.  The  wavelength  dependence 
for  photodissociation  in  the  infrared  is  similar  in 
appearance  to  that  observed  for  photodlssoclatlon  of 
the  dimer  ion  but  extends  over  a  broader  energy  range 
and  is  blue  shifted. 


PHOTON  ENERGY  (eV) 


Our  experiments  demonstrate  that  photofragmenta¬ 
tion  of  mass-selected  cluster  ions  provides  a  unique 
means  to  trace  the  evolution  of  electronic  structure  as 
a  function  of  cluster  size.  Theoretical  efforts  to 
predict  this  evolution  would  greatly  aid  in  this  inter¬ 
pretation. 

Research  supported  by  NSF  under  grant  PHY  8411517. 
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FRAGMENTATION  OF  MICROCLUSTERS  BY  ELECTRON  IMPACT  IONIZATION 
U.  Buck,  H.  Meyer,  and  M.  To  lie 

Max~Planck-Institut  f Cl r  Stromungsf orschung,  D3400  Gottingen,  Federal  Republic  of  Germany 


We  have  recently  developed  a  method,  which  allows 
to  derive  information  on  the  distribution  of  neutral 
clusters  of  atoms  and  molecules  formed  in  supersonic 
expansions , 1 » 2  In  a  crossed  molecular  beam  experiment 
the  clusters  are  scattered  from  a  He- atom  and  the  scat¬ 
tered  intensity  is  detected  by  electron  impact  ioniza¬ 
tion  and  a  mass  spectrometer.  The  measured  angular  and 
velocity  distribution  is  proportional  to  the  cluster 
density,  the  differential  scattering  cross  section,  and 
the  product  of  fragmentation  probability  and  total 
ionization  cross  section.  If  the  experimental  resolu¬ 
tion  is  high  enough,  the  different  clusters  can  be 
separated  from  each  other  by  their  different  kinemati- 
cal  behaviour.  In  particular,  the  measurements  allow 
the  direct  determination  of  the  fragmentation  proba¬ 
bilities  fn  ><t  which  give  the  fraction  of  the  cluster 
Xn  detected  at  the  mass  k  with  ^  fnk  ■»  1. 

First  results  on  Arn-clusters  showed  appreciable 
fragmentation  for  the  dimer  and  the  trimer.1  The  new 
revised  fragmentation  probabilities,  where  the  slight 
influence  of  collision  induced  dissociation  of  the  He 


are  given  in  Tab.  1.  The  extension  of  the  measurements 
to  larger  clusters  reveals  that  95  l  of  the  clusters  up 
tc  n  -  5  are  fragmented  and  appear  mainly  on  the  dimer 
mass  A r2*.  Similar  measurements  have  been  performed  for 
ammonia  clusters  (NH,)n,  which  are  hydrogen  bonded  with 
a  bond  strength  of  more  than  a  factor  of  10  larger  than 
for  Arn.  The  clusters  are  predominately  detected  on 
their  protonated  (NH,'n. ,H*  masses  with  the  loss  of  one 
N’Hj  radical.1 »*  In  addition,  they  show  appreciable 
f ragmentatior,  as  indicated  in  Tab.  1.  In  contrast  to 
Ar,  a  complete  dominance  of  the  dimer  ion  is  not  found. 

The  measurements  have  been  extended  to  the  molecu¬ 
lar  van  der  Waals  clusters  (C02'n.  The  C02  beam  is 
produced  by  expanding  a  mixture  of  5  1  C0a  in  Ne 
through  a  nozzle  of  d  -  1 00  ym  diameter  at  a  stagnation 
pressure  of  4  bar.  A  typical  time-of-f 1 i ght  spectrum  is 
shown  in  Fig.  1.  The  expected  positions  of  elastically 
scattered  monomers  and  dimers  are  marKed  by  arrows. 
Since  phe  heavy  molecules  are  scattered  from  a  light 
atom,  there  are  always  two  contributions  at  one  labora¬ 
tory  angle.  The  measurement  is  performed  at  the  monomer 
mass.  Therefore,  the  result  immediately  shows  the  heavy 
f ragmentati on  of  the  dimer  and  the  relatively  large 
dimer  content  in  the  beam.  The  fragmentation  probabili¬ 
ties  derived  from  these  measurements  are  also  given  in 
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FIGURE  1  Measured  time- of- fl ight  spectra  of  (U02)n*He 
collisions  at  9  -  10°  lab  angle  detected  on 
the  monomer  mass . 


atom  impact  on  the  Ar2  dimer  was  taken  into  account, 
Tab.  1.  3y  contrast  to  the  other  two  investigated  sys¬ 
tems,  the  fragmentation  into  the  monomer  is  largest  and 
for  fJ3  a  measurable  though  small  intensity  is  observed 
in  contrast  to  Ar,,  where  no  signal  could  be  detected. 
The  method  gives  the  first  quantitative  results  on  the 
fragmentation  of  molecular  clusters  by  electron  impact 
ionization. 


Table  1  :  Fragmentation  probabilities  for  different 

clusters  at  electron  energies  of  E  -  1 00  eV. 
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PHOTOIOINI ZATION  OF  VAN  DER  WAALS -CLUSTERS 
INVESTIGATED  BY  A  PHOTOION-PHOTOELECTRON-COINCIDENCE  TECHNIQUE 

A. Ding,  L.  Cordis,  K . Kretzschmar ,  and  j  .Hessli  ch 
Hahn-Mextner-Institut  fiir  Kernf orschung  Berlin,  Bereich  S trahlenchemie 
D-1000  Berlin  39,  F.R.G. 


Experiments  with  atomic  and  molecular  clusters  have 
aroused  great  interest  in  the  last  years  as  they  not  on¬ 
ly  represent  an  intermediate  state  between  the  gas  phase 
and  the  liquid  or  solid  state  but  also  may  be  used  as  a 
model  for  frozen  intermediate  states  formed  in  binary 
collisions.  By  inserting  an  exact  amount  of  energy  it  is 
possible  to  investigate  the  decay  of  this  intermediate 
complex  as  a  function  of  excess  energy.  This  leads  to 
information  about  the  stability  of  the  complex  and  the 
dynamics  of  its  fragmentatic  behaviour. 

We  have  investigated  the  photoionization  of  van  der 
W'aais-ciusters  using  monochromatized  radiation  from  the 
Berlin  Synchrotron  facility  BESSY.  In  order  to  deter¬ 
mine  the  amount  of  energy  present  in  the  cluster  ion  a 
new  coincidence  technique  on  the  line  of  the  previously 
used  TEPICO  and  PEPICO  methods  has  been  developed1'.  Mo¬ 
nochromatic  photons  from  a  synchrotoron  source  produce 
ion-electron  pairs.  The  electron  pulse  is  used  to  start 
a  time-of-f light  multi-channel  analyzer  which  stores 
each  ion  impinging  on  the  detector  in  a  channel  propor¬ 
tional  to  the  arrival  time.  Due  to  the  part:,  j.j:  j© 
sun  of  the  extract  inn  electrodes  only  p. octrees  bel  ow 
a  certain  energy  (typically  0.1  eV ' ,  determined  bv  the 
magnitude  of  the  extraction  field,  are  efficiently  col¬ 
lected  . 

The  method  has  been  applied  to  the  invest ■ gat  ion  of 

the  van  der  Waal s-cl usters  < Ar  ,  Kr  ,  (NO)  ,  (CO  )  ). 

n  n  2  n  2  n 

F lq . *  shows  time-of -f 1 lght  mass  spectra  of  (N^Ol^-clus- 
ters  is  a  function  of  photon  energy.  The  spectra  show 
<1  significant  l:f foresee  to  conventional  photoion i zat- 
lon  vi el  is.  Mst  sizes  appear  only  in  a  very  limited 
wavelength  intorvil  Photons  of  low  energy  will  produce 
only  the  most  stable  cluster  ions,  while  photons  of 
higher  energy  produce  ion-electron  pairs  with  hot  elec- 
t  rons  which  are  rejected  bv  the  present  detection  sys¬ 
tem.  ’t  is  apparent  from  Fig.1  and  from  additional  ex- 
perimental  results  not  shown  here 'that  has  the 

lowest  ionization  energy  (12.16  eV '  and  can  therefor** 
be  regarded  as  the  most  stable  of  the  c'^ust:rr 

ions.  It  appears  furthermore  that  additional  energy  io- 
nerates  a  symmetrically  brodened  mass  distribution  vfruch 
leads  us  to  the  tentative  conclusion  that  the  binding 
force  in  the  cluster  is  lowered  equally  by  addition  or 
removal  of  N^O  molecules.  A  prominent  feature  of  the 
size  distribution  is  the  fact  that  all  larger  cluster 
peaks  are  split  indicating  that  f raqmentat ion  is  signi¬ 
ficant  even  at  low  photon  energies. 
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UNIMOLECULAR  AND  COLLISION  INDUCED  FRAGMENTATIONS  OF  SMALL ( N20 )  ^-CLUSTER  IONS 
W.  Kamke,  B.  Kamke,  H.U.  Kiefl  and  I.V.  Hertel 
Institut  fur  Molekul physik ,  Freie  Universitat  Berlin,  D-1000  Berlin  33,  West  Germany 
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l  ^20  )  n“c^ustGrs ,  n=1...6,  formed  in  a  super¬ 
sonic  jet  have  been  ionized  by  synchroton  ra¬ 
diation  from  the  electron  storage  ring  BESSY  at 
Berlin  (wavelength  region  A =( 55 . . . I  1 G / nm ) .  The 
ions  were  accelerated,  passed  a  field  free 
drift  region  and  were  mass-  and  energy  selected 
by  a  qundrupol e  mass  filter  and  a  90*  electro¬ 
static  deflector.  Ions  of  mass  m  may  undergo  a 
fragmentation  process  m+  ->  m+0  +  Am  somewhere 
or.  their  way  to  the  detector.  Having  acquired 
an  energy  c*U(t)  they  will  lose  a  fraction  Am.  m 
of  that  energy  when  they  fragment  (see  l).  All 
fragmentation  processes  occur ing  within  the 
field  free  flight  region  (time  of  flight 
( 1 . 4 . . . 6 . 3 )m s )  give  rise  to  a  peak  in  the  ob¬ 
served  ion  current  when  the  ionization  poten¬ 
tial  is  scanned.  Fig.l  shows  energy  loss  scans 
at  three  different  background  pressures.  Such 
studies  show  that  only  the  removal  of  a  single 
neutral  N ^0  from  the  cluster  can  occur  by  uni- 
molecular  decay.  The  removal  of  more  than  1 
molecule  is  collision  induced. 

By  varying  the  time  at  which  the  ions  enter  the 
drift  region  we  determined  the  trimer  lifetime 
for  the  metastable  process  (  N20 )  -}  +  4(  N2O  )  2  ++N2° 
to  oe  (1.83+0.15)us. 

Photoionization  efficiency  (PIE-)  curves  were 
measured  for  the  "prompt"  ions  formed  in  the 
excitation  region  and  for  the  metastable  ions 
dissociating  in  the  drift  region.  Whereas  the 
threshold  shape  changes  significantly  with 
clustorsize,  the  onsets  of  the  curves  are  all 
similar  indicating  similar  binding  energies. 
Comparison  of  the  prompt  and  metastable  PIE- 
curvos  and  the  basically  rectangular  shape  of 
th<  h  res  no  1  d  s  lead  js  to  conclude  that  the 
cluster  10ns  are  formed  initially  with  a  rather 
well  defined  energy  content  independent  of  the 
incident  photon  energy.  Any  excess  energy 
breaks  the  weak  cluster  bond. 

Whereas  our  prompt  dimer  spectrum  at  po=0.95  bar 
(fig.Zn)  agrees  with  others  published  (2),  the 
spectrum  shows  more  pronounced  structures  and  a 
different  threshold  shape  when  the  amount  of 
clusters  with  r.  •  .1  in  the  jet  is  reduced  (po=0.2 
bar  fig.2ai.  Fig.  2c  shows  that  autoion i zat ion 
(similar  to  the  monomer  (3))  is  clearly  observ¬ 
able  ir,  the  delayed  predissociation  channel  in 
contrast  to  the  prompt  channel. 


More  experimental  results  will  be  presented  and 
d i scussed  at  the  conference. 

This  work  was  supported  by  the  Bundesminister i- 
um  fur  Forschung  und  Technol  ^gie. 
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Fig .  1  Energy  loss  scans  for  (V^O)4^  at  three 
different  background  pressures. 
n-f(n-m)  means  (  N20  )  n+  ■*  (  N20  )  *n_m+  (  N20  )m 
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_2  PIE  curve  for  prompt  dimers  at 
stagnation  pressures 
(a)  po=0.2  bar,  (b)  po=0.95  bar, 

(c)  PIE  curve  for  dimers  fragmenting 
into  two  monomers  within  (  1  .  4  .  .  .  6 . 3 ) u s 
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METASTABLE  AND  SPONTANEOUS  FRAGMENTATION  OF  BENZONITRILE  IONS  (AND  -CLUSTER  IONS) 


W.  Kamke,  B.  Kamke,  H.U.  Kiefl  and  I.V.  Ht  ‘tel 
Institut  filr  Molekiilphysik,  Freie  Universitat  Berlin,  D-1000  Berlin  33,  West  Germany 


A  supersonic  molecular  beam  was  ionized  by 
light  from  the  electron  storage  ring  BESSY  at 
Berlin  (\-50 . . . 1  A Onm ) .  The  ions  are  acceler¬ 
ated,  pass  a  field  free  flight  region  and  are 
mass-  and  energy  analyzed  by  a  quadrupole  and 
a  903  electrostatic  deflector. 

After  ionization  e  ion  (mass  m)  may  fragment 
on  its  way  to  the  analyzer  and  the  fragment 
ion's  energy  will  be  reduced  by  Am/m  *  eU 
(Am-mass  of  the  neutral  fragment)  with  respect 
to  the  parent  ion's  energy  e*U  (see  1).  All 
ions  which  fragment  in  the  field  free  region 
give  rise  to  the  same  energy  loss  for  a  given 
4m/m.  Thus  by  measuring  this  energy  loss  it  is 
possible  to  detect  metastable  fragmentation 


ment  formed  by  metastable  (  1 . 7 . . . 5 . 3ps  ) 

decay  of  C^H^ON*  for  both  seeding  gases.  The 
onset  at*^89nm  for  He  is  shifted  by  approx  4nm 
to  the  blue  when  Ar  is  used. 

Presently  measurements  are  performed  to  clarify 
whether  the  differences  in  the  PlE-curves  for 
different  seeding  gases  and  stagnation  pres¬ 
sures  are  due  to  cluster  formations  in  the  beam 
only  or  directly  to  the  cooling  of  the  beam. 

The  dependence  of  the  metastable  signals  on 
background  pressure  is  studied  and  also  the 
extraction  voltage  is  varied  in  order  to  meas¬ 
ure  the  C5H5CN-I ifet ime  for  distinct  fragmen¬ 
tation  channels. 

All  these  measurements  will  be  presented  and 
discussed  at  the  conference. 
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PhCtfOIONIZATION  WID  PHOTODISSOCIATIW  OF  HYDROGEN  ItCCUEP  ALKYLAMINE  CLUSTERS 

P.G.F.  Bisling,  E.  Riihl,  R.  Brutsehy,  and  H.  Raumgartel 
Inst..  PhvsiV.  Chenie,  Freie  Universitat  Berlin,  Takustr.  3,  D-1000  Berlin  33 


Amm  the  inter^«lecular  processes,  proton  transfer 
represents  nroi>ably  the  most  important  class  of  reac¬ 
tions  in  chemistry.  A  ] arne  nuriier  of  gas  phase  ion- 
:  olecule  equilibrium  stixlies  or;  proton  transfer  is 
jvm liable  yielding  relative  data  or.  oar.  [A.as^  proton 
aflinity  (PA)  values  (Ref.  1)  from  the  enthalpy  change 
H  =  i7.(A)  -  PA(-<)  of  tf*  reaction  (1) 

Ah+  +  V  BH+  +  A  (1) 

Nevertheless,  there  are  only  few  measurements  of  af>solute 
PA  values  obtained  through  direct  determinations  of  the 
appearance  enorqy  of  BH+.  Sore  of  these  recent  measure- 
nents  (Ref.  2)  use  the  formation  of  hydro* ren  containing 
diners  as  an  excellent  precurser  for  dissociation  into 
RH+ .  However,  even  internal ly-consistent  nas  phase  PA 
values  are  now  considered  to  be  rather  unreliable, 
because  absolute  PA  data  in  the  scale  above  the  PA  value 
of  anronia  did  not  yet  exist.  The  present  experiment 
is  designs)  to  measure  appearance  energies  of  aliitfiatic 
amine  clusters  by  the  photoionization  mass  spectrometry 
to  help  clarify  the  above  problems. 

The  nolecular  bean  apparatus  is  essentially  the 
sane  as  used  for  R2P1  laser  spectroscopy  of  fiuoro- 
berzene  clusters  (Ref  3).  In  this  experiment  synchro¬ 
tron  radiation  provided  by  the  Berlin  electron  storage 
ring  BESSY  is  dispersed  by  a  1  m  normal  incidence 
monochromator  and  focused  onto  a  skinned  supersonic 
nozzle  l rear:  (Figure  1). 


riiVPK  1  Experimental  arranaenent.  SR:  synchrotron 
radiation,  SM:  spherical  mirror,  SG:  spherical 
grating,  LIF:  lithium  fluoride  filter,  TM:  toroidal 
mirror,  W:  window  coated  with  sodium  salicylate. 

The  cluster  and  fragment  ions  are  created  by  scanning 
tie  fif;Oton  energy  and  analyse?)  in  a  quadripole  mass 
spectrometer.  The  ion  yield  is  normalized  to  the 
plioton  count  rate. 


In  principle  threshold  measurements  for  the 
dissociative  ionization  of  the  amine  clusters  M 
(n  =  1,  2,  3)  give  absolute  PA  values  of  the  monomer 
and  olygoners  via  the  set  of  reactions  (2),  (3),  and  (4) 


m  -  h  +  n-iir  (2) 


riQCRi:  2  Energetics  of  the  prutonatecl  methyl  amine 
<di  «ter  5  -stei ,. 

cycles  shorn  in  Figure  2  allow  the  absolute  PA 
values  to  be  calculated.  These  values  (M  =  methyl  amine, 
dimethyl  amine,  and  ethyl  amine)  are  listed  in 
Table  I  and  compared  with  calibrated  relative 
values  (Ref.  1).  The  absolute  data  have  uncertainties  of 
about  0.1  eV  resulting  from  difficulties  in  adiabatic 
threshold  determinations  and  from,  literature  values  of 
;>ot)  the  neutral  cluster  and  the  N— II  binding  energies. 


TABLE  I  PA  values  of  some  alkylamines  and  their 
clusters  in  eV  (1  eV  =  96.48  kJ/mol ) . 


Ref.  1 

this  work 

M 

PA  (M) 

PA  (H)  PA  (>1) 

PA  (M) 

CHi  MH 

9.29 

9.50  9.9 

10.1 

C  HSNH 

9.41 

<0 

Ln 

CO 

O 

10.5 

(CHi):WH 

9.57 

9.64  10.0 

— 

Further  results  of  aliphatic  amine  clusters  and  on 
their  dissociation  bonding  energies  D(M*  -  M)  have  been 
obtained  an d  will  be  presented  at  the  conference. 
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ONE-  AND  TWO-COLOR  RESONANCE  ENHANCED  MULTIPHOTON  IONIZATION  OF  VAN  DER  WAALS  MOLECULES: 
STUDIES  OF  SPECTROSCOPIC  SHIFTS  AS  A  rUNCTION  OF  DEGREE  OF  AGGREGATION 

A.W.  Castleman,  Jr.,  P.D.  Dao,  S.  .Morgan  and  R.G.  Keesee 

Department  of  Chemistry,  The  Pennsylvania  State  University,  University  Park,  PA  16802 


Cluster  research  is  a  rapidly  growing  field  which 
offers  promise  of  bridging  the  gap  between  the  gaseous 
and  the  condensed  state.  In  particular,  an  investiga¬ 
tion  of  the  shifts  in  the  spectral  absorption  features 
as  a  function  of  the  degree  of  aggregation  enables  the 
basic  mechanisms  of  nucleation  and  solvation  to  be 
probed  at  the  molecular  level.  Recent  advances  in  the 
field  of  molecular  beam  research,  coupled  with  pulsed 
lasers  and  t ime-of -f 1 ight  mass  spectrometry,  enabled 
the  details  of  these  various  processes  to  be  studied. 

In  the  present  work  both  single  and  two-color 
multiphoton  ionization  is  utilized,  enabling  control 
of  the  excess  energy  introduced  into  a  cluster.  This 
is  accomplished  using  a  Q-switched  ND:YAG  laser  to 
simultaneously  pump  two  tunable  dve  lasers  whose  output 
is  frequency  doubled  in  KDP  crystals. 

Clusters  of  the  desired  molecules  are  formed  via 
adiabatic  cooling  from  a  pulsed  nozzle  system,  with 
detection  of  the  products  of  resonance  enhanced  MPI 
being  made  in  a  t ime-of- f light  mass  spectrometer  located 
beyond  the  ionization  region.  The  combination  of  ioni¬ 
zation  and  mass  selection  has  the  advantage  of  direct 
mass  determination  of  the  probed  van  der  Waals  molecule. 

A  general  concern  is  that,  because  of  the  weak  bonding 
in  complexes,  dissociative  ionization  mav  possiblv  com¬ 
plicate  the  spectroscopic  assignments.  However,  the 
results  to  be  presented  show  that  f ragmentat ion  can  be 
greatly  suppressed  through  the  use  of  two-color  resonance 
enhanced  photoionizat  ion  whereby  the  ionization  process 
is  accomplished  with  the  use  of  little  excess  energv  in 
contrast  to  one-color  experiments. 

In  the  present  study,  van  der  Waals  molecuels  of 
the  type  A'M  (A-phenyl  acetylene  (PA),  paraxylene  (PX); 
M=R  (rare  gas  atom),  N , ,  0,,  N^O,  NH  } .  H^O,  GCK,  and 
CH.),  were  investigated  using  both  one-  and  two-color 
resonance  enhanced  MPI  techniques.  Studies  of  the  per¬ 
turbed  L^(  B,)  states  reveal  a  wide  range  of  red  spectral 
shifts  as  well  as  small  blue  shifts  with  respect  to  the 
pure  aromatic  molecule,  depending  on  the  nature  of  the 
clustering  partner.  In  cases  where  M=Ne ,  Ar,  Kr  and  Xe, 
the  shift  is  red;  the  magnitude  of  the  shift  increases 
with  the  polarizability  of  the  rare  gas  atom  where  the 
shift  in  frequency  of  the  band  origin  is  linear  with 
polarizability  of  the  clustering  atom. 

The  vibrational  excitation  of  different  vdW  modes 
were  also  measured  for  M*R.  PA'Ar  was  found  to  have 
three  vdW  modes  at  4j,  30  and  16  cm  three  modes 
are  also  identified  in  the  PX'Ar+  spectrum  at  54.9, 


41.8  and  19.3 


Studies  of  the  spectroscopic  shifts 


show  that  the  magnitude  of  the  shift  for  (PA'Ar^)  and 
(PX-Ar7)  is  approximately  twice  the  shift  for  the  single 
argon  containing  species.  Investigations  of  higher 
order  PA  complexes  with  Ar  reveal  violations  of  the 
spectral  shift  additivitv  rule  for  a  large  range  of 
n  (3  n  •  15).  In  the  limit  of  large  n  the  main  spect¬ 
ral  shift  converges  to  a  50  cm  1  red  shift.  The  observ¬ 
ed  spectral  shifts  for  PX'Ar  (2  *  n  7)  remain  smaller 

n 

than  the  red  shift  of  PX'Ar,.  We  speculate  that  the 

additivitv  rule  is  valid  up  to  the  point  where  all 

equivalent  adsorption  sites  on  the  aromatic  ring  are 

occupied  bv  rare  gas  atoms.  Red  shifts  were  also  seen 

for  clusters  with  \’  0.,  N .  0 ,  CC1,,  NH,»  and  CH, 

2  2  2  4  3  4 

while  blue  shifts  ve»‘«  observed  in  the  case  of  CO^  and 
H70.  The  spec* rsscopic  studies  reveal  the  expected 
van  der  Waals  modes  ot  each  cluster  shifteu  '  '  the  blue 
of  the  band  origin.  Comparing  the  spectra  of  succes¬ 
sively  larger  clusters,  and  studying  variations  in 
intensity  with  pressure  in  the  stagnation  chamber, 
enables  an  identification  of  cluster  fragmentation  to 
be  readilv  made. 

The  appearance  potentials  of  (PX'Ar+)*  ions  were 
determined  through  studies  in  which  the  energv  of  me 


length  of  the  other  was  scanned.  The  observed  appearance 
potentials  are  found  to  vary  with  the  square-root  of 
the  electric  field  present  in  the  region  of  ionization 
in  accordance  with  expectations  and  the  findings  ot 
others.  Extrapolation  to  zero  field  enables  a  deter¬ 
mination  of  the  ionization  potentials  ot  paraxviene 
and  its  clusters  with  rare  gas  atoms.  In  an  ele«tri< 
field  (ISO  V/cm) ,  the  appearance  potential  *  (AIM  of 

PX'Ar  +  are  red  shifted  bv  115  ♦  5,  1K1  4  5,  J8  i  4  I«i, 

n  -1 
309  *  20,  578  ♦  20,  710  t  JO  cm  ,  ter  n  =  1-6, 

respectively.  This  corresponds  to  an  average  shirt 

+  - ! 
from  AP(PX  )  bv  approximately  120  cm  per  Ar  a ton, 

with  major  deviations  from  this  trend  for  the  diner  and 


Studies  of  appearance  potentials  <  \pt 
t  ion  pressure  dependent  es  reveal  eviJcine  t 
existence  of  a  minor  chemical  is<>mer  '  PX* 
expansion.  Although  higher  sp.  tr»l  res»Iu 
needed  to  >  onl  i m  t  h  i  >  ass  j  e — t  it  . 
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NEGATIVE  ION  FORMATION  BY  IMPACT  OF  RYDBERG  ATCMS  OH  VAN  DER  WAALS  CLUSTERS 
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Department  of  Chemistry,  Faculty  of  Science,  The  lniver»it>  of  Tokyo,  Bunkvo-ku , Tokyo  113,  Japan 


This  report  describes  the  ionization  :  van  d* r 

Waals  clusters,  (CO.)  and  (CH,CN)  ,  in  vv  !'.  i*ion  with 
2  m  3  m 

high-Rvdberg  atoms  of  Kr  and  Ar,  Kr*5’  and  '•  r  .  hi,  < 

method  is  found  to  be  useful  for  gentle  proa.  t:«  -! 

negative  cluster  ions  and  provide  int v-rr.at  i  n  .>n  t  « 
vertical  electron  .if !  i ni t  !•-  il  A  *  •':  tsu-  .  l..<t»  rs  »r  : 
the  relaxation  involved  in  the  ioni  zat :  .<*. . 

Neutral  clusters  were  produced  by  condensation  in 
a  nozzle  beam  expansion.  The  skimmed  cluster  beam  was 

A  A  A  A 

allowed  to  collide  with  Kr  or  Ar  prepared  by 
electron  impact  in  a  triple-grid  collision  chamber. 
Negative  ions  thus  formed  were  observed  by  conventional 
mass  spectrometry. 

Cluster  ions,  (M)  ,  were  detected  as  shown  in 

n 

Fig.  1,  where  the  ion  intensities  are  plotted  as  a 

function  of  the  size  of  the  cluster  ions,  n.  Path 

intensity  distribution  has  a  threshold  size,  ,  and 

a  broad  maximum.  The  n,  values  for  (CO.)  and  (CH.CN)” 
L  2  n  in 

are  found  to  be  7  and  10,  respectively.  The  intensity 

distribution  for  (CO.)  has  a  region  of  significant 
Z  n 

depletion  between  n  *  11  and  13.  Furthermore,  outstanding 

peaks  are  observed  at  n  =  14,  16,  19,  21  and  32  for 

U0,)  ,  and  at  n  =  13,  16,  23,  26  and  29  for  (CH.CN) 

*-  n  j  n 

(magic  numbers). 

The  results  are  interpreted  in  terms  of  the 

following  evaporative  electron  transfer  : 

("1  +  Kr**/  Ar** - ►  (M)  "  +  Kr+/ Ar+  (1) 

r  m 

IM>*  - -  (M)  7  *  M  - -  '  '  - -(Ml/  +  q  M  (2) 

m  m— l  n 

where  q  =  m-n  gives  the  number  of  evaporation.  The 

existence  of  the  threshold  size  implies  that  the 

vertical  FA  increases  with  the  size  of  the  neutral 

clusters,  n ,  and  changes  its  sign  at  m  =  n^+q,  since 

the  electron  captured  h*’  a  cluster  is  stabilized  by  the 

surrounding  molecules  through  charge-dipole  and 

charge-induced  dipole  interact  ions . 

In  the  case  of  (CO,)  ,  the  excess  energv,  E  , 

2  n  •  ex 

which  should  he  released  in  process  (2)  is  estimated 

to  he  about  1.3  eV,  since  the  captured  electron  in  the 

cluster  !•  subsequently  trapped  on  C09  forming  a 

monomeric  CO,  ion  with  a  bent  geometry.  At  o*13,  the 

temperature  increase  (  A"  )  due  to  E  reaches  900  K, 

ex  1 

which  is  much  higher  than  the  boiling  point  of 

110  K;  therefore,  a  number  of  CO2  molecules  are 

evaporated  from  (CO.)  [process  (2)1  until  the  cluster 
-  m 

is  cooled  down  below  the  boiling  point.  Since  E  and 

*  ex 


.*  T  do  not  depend  strongly  on  m,  q  is  expected  to  be 

a  slowly  varying  function  of  m.  Process  (2)  is  stopped 

when  a  distinctly  stable  ion  is  formed.  Evidently, 

the  remarkable  depletion  in  the  distribution  shows  that 

■4  molecules  are  evaporated  from  (CO.)  with  m  <14 

2  m 

whereas  the  clusters  with  15  <  m  <18  are  largely 
dissociated  forming  the  stable  ion,  (CO.),,  or  (C0„) 

2  is  2  16 

Accordingly,  the  maximum  number  of  q  is  estimated  to  be  4. 
Thus  the  magic  number:,  demonstrated  in  Fig.  1  are  closely 
related  to  the  stability  of  the  cluster  ions  or  their 
sublimation  energy. 

In  the  case  of  (CH.CN)  ,  E  is  estimated  to  be 
3  m  ex 

about  1  eV,  as  a  sum  of  the  EA  of  the  monomer  unit  and 
the  solvation  energy  of  the  monomer  anion  in  the  cluster: 
charge-dipole  interaction  energy.  In  this  case,  AT  is 
at  most  200  K  and  is  probably  below  the  boiling  point  of 
(CH^CN)^  expected  by  the  well-depth  c  of  the  Lennard- 
Jones  potential  of  Cri^CN.2  Therefore,  no  significant 
evaporation  takes  place.  Accordingly,  the  magic  numbers 
observed  for  (CH^CN)n  are  associated  with  the  stability 
of  the  parent  neutral  clusters;  a  portion  of  the 
constituent  molecules  are  vaporized  in  a  supersonic 
beam  due  to  the  heat  released  by  the  condensation  until 
the  cluster  size  reaches  its  optimum  value3. 


n=  1  5  10  15  20  25  30  35 

Figure  1  Ion  intensities  of  (M)n  versus 
the  size  of  the  cluster  ions,  n. 
o  :  (C02)n“  ,  x  :  (CH3CN)n“ 
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PHOTOELECTRON  SPECTROSCOPY  USING  A  CCD  MULTICHANNEL  DETECTOR 
Andrea  Haworth,  David  G  Wilden  and  John  Comer 
Physics  Department,  The  University,  Manchester  M13  9PL,  UK 

A  photo  electron  spectrometer  has  been  constructed  spectrum  for  that  wavelength  and  the  peaks  correspond 

in  which  the  efficiency  is  enhanced  by  using  a  position  to  vibrational  levels  of  the  N’2+,  X2£  state.  Following 

sensitive  detector.  This  detector  is  of  the  type  any  one  of  these  peaks  diagonally  across  the  surface, 

developed  by  Hicks  et  al^  and  uses  microchannel  plates  i.e.  constant  difference  between  photon  and  electron 

at  the  exit  plane  of  the  electron  analyser  together  with  energy,  gives  an  excitation  function  for  a  specific 

a  charge  coupled  imaging  device.  A  vacuum  ultraviolet  vibrational  level  of  the  ion.  An  example  of  an  effect 

photon  beam  is  generated  by  that  Daresbury  Synchrotron  which  is  immediately  apparent  from  such  a  curve  is  the 

radiation  source  and  the  wavelength  selected  beam  is  difference  between  the  branching  ratios  for  the  two 

crossed  with  a  gas  beam  from  a  narrow  tube.  The  arrowed  autoionizing  states.  Such  a  spectrum  gives  the 

electron  analyser  can  be  rotated  about  the  photon  beam  most  comprehensive  information  about  the  excitation  and 

in  order  to  collect  photoelectrons  at  specific  angles  decay  processes  involved.  It  has  the  advantage  that 

to  the  direction  of  polarization  of  the  photon  beam.  autoionization,  direct  ionization  and  backgrounds  are 

One  clear  advantage  of  synchrotron  radiation  measured  on  the  same  spectrum  and  this  greatly  improves 

sources  over  line  sources  for  photoelectron  spectroscopy  normalization.  It  can  therefore  be  used  subsequent  1 

is  the  possibility  of  examining  the  excitation  of  ion  to  make  accurate  allowance  for  backgrounds  and  direct 

4 

states  as  a  function  of  photon  wavelength  in  order  to  ionization.  Taking  such  a  spectrum  with  10  data 

obtain  information  about  autoionization  processes.  This  points  and  reasonable  signal  to  noise  ratio  in  about 

is  illustrated  in  the  figure  which  is  one  of  the  spectra  fro w  hours  is  made  possible  by  the  use  of  the  multi- 

obtained  on  the  present  instrument.  It  shows  the  detector.  Similar  data  will  also  be  presented  for  CO 

photoelectron  yield  obtained  as  a  function  of  both  and  0o. 

incident  wavelength  and  collected  electron  energy.  Each 

line  at  fixed  wavelength  represents  a  photoelectron  Reference 
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S.  V’eiqerle,  D.  T.  Pierce,  A.  Seiler,  and  P.  J.  Celotta 
National  Pnrenu  of  Standards,  Radiation  Physics  Division,  Gaithersburg,  Maryland  20899  MSA 


anv  electron  scattering  experiments  benefit  fror 
the  additional  resolution  obtainable  when  an  electron 
monochromator  is  used  to  narrow  the  energy  spread  of  an 
electron  beam  emitted  fron  a  thermionic  cathode.  •' un¬ 
fortunately,  the  maximum  electron  bean  current  avail¬ 
able  fro*"  a  monochromator,  as  indicated  by  the  sol  id 
line  in  Fig.  1,  decreases  dramatically  with  increasinc 
energy  resolution.  The  apparatus  described  here  is 
capable  of  producing  currents  of  nonochromatic  elec¬ 
trons^  in  excess  of  that  possible  with  conventional 
monochromators  and  has  the  additional  advantage  of  pro¬ 
viding  a  spin  polarized  electron  bean  if  desired. 

This  monochromatic  electron  sun  is  an  extension  of 
the  widely  used  source-  or  polarized  electrons  based  on 
photoemission  from  negative  electron  affinity  GnAs.  Tt 
consists  of  a  GaAs  crystal  which  has  been  cleaned  in 
ultra-high  vacuum  and  coated  with  cesium  and  oxygen. 
~he  surface  treatment  has  the  effect  of  reducing  the 
work  function  to  the  point  where  the  conduction  band 
lies  above  the  vacuum  level  by  an  cn.upy  difference 
defined  as  the  (negative)  electron  affinity.  I  lectrons 
whicii  arc  phot oexc i ted  and  relax  down  to  the  conduction 
band  minimum  have  positive  energies  with  respect  to  the 
vacuum  level  when  thev  leave  the  pbotocat Lode  which 
equal  the  value  of  the  electron  affinity  (-0.3  e  •.  ). 

~  ince  tnev  mav  lose  up  to  this  same  amount  of  <»nergv  on 
exiting  and  still  escape  the  solid,  the  final  beam 
could  have  an  **nerr,v  spread  which  equals  the  electron 
affinity.  The  electrons  reach  thermal  equilibrium 
while'  i  r.  the  conduction  land  and  consequently  there  is 
Iso  a  rontribut ion  to  the  energy  distribution  which 
depends  on  the  crvstal  temperature. 

e  were  abl'*  to  obtain  low  energy  spread,  high 
current  elect  rot.  beans  bv  rodifvin?  the  composition  of 
t ! : o  surface  l aver  and  cooling  the  photocathode.  The 
surface  liver  was  ad  lusted  so  as  to  maintain  a  smaller 


FIGURE  1.  Cathode  current  and  energy  distribution  width 
obtained  by  photoemission  from  NEA  GaAs  (X)  as  compared 
to  the  best  reported  performance  of  spherical  (solid 
symbols)  and  cylindrical  (open  symbols)  deflector  mono¬ 
chromators.  References  for  each  point  are  given  in 
Ref.  1.  The  solid  line  represents  the  current  being 
proportional  to  the  5/2  power  of  the  distribution 
width. 

"igure  1  compares  the  performance  of  this  electron 
source  to  the  best  reported  performance  of  electron 
monochronators.  A  measured  increase  in  current  at  the 
same  resolution  of  a  factor  of  10-20  has  been  realized. 
Additionally,  since  circularly  polarized  light  was 
used,  the  electrons  produced  had  an  optically  control- 
2 

able  spin  polarization. 
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charce  exchange  detection  of  laser- indued 

TRANSIT  10*: S  IN  rlOLIXl'LAR  IONS 


C.  H.  Kuo,  I.  W.  Milkman,  T.  C.  Steimle,  and  J.  T.  Mosaic 

Chemical  Physics  Institute  and  Department  of  Phvsics 
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A  selected  ion  flow  tube  (SIFT)  apparatus  has  been 
used  to  improve  on  our  previously  demonstrated •  use  of 
charge  exchange  as  a  means  to  detect  laser  induced  tran¬ 
sitions.  This  charge  exchange  technique  can  be  used 
both  as  a  sensitive  method  to  study  molecular  ion 
spec troscopv,  or  .is  a  means  to  investigate  charce  ex¬ 
change,  and  bv  extension  other  re.i*tiw  pr  .esses,  c! 


state- select*. 


ions.  Tiie  us 


S  » I  I  a  I  lows 


the  in  us  t  ion  of  mass  selected  i«>ns  in  such  a  wav  as 
t  drast : c a  1 1  y  r*.:u*e  the  c-mu-ntr  ;t  i  ms  »:  spe  i«  s 
th.at  •  ause  background  *»i-’nu[  with  a  result inc  it;,  tease 
in  .s*  ns  i  t  iv  i  t  y .  In  aduitin.  the  in--  in  the  !  !"W  tube 
are  relaxeJ  to  near  tn.rr.'il  r  .-t  1 1  i  •  na  1 ,  v  i  hr  at  i  ana  , 
ind  translat ional  temperature. 

Absorption  spectra  are  recorded  bv  monitoring  the 
ion  counts  of  a  charge  exchanger  using  a  ouadrupo le 
mass  filter,  as  a  function  of  the  •  w  dve  laser  trenuencv. 
When  the  laser  is  tuned  to  a  resonun*.  «•  in  the  ion  *•: 
interests  excited  state  ions  are  produced  which  *  an 
undergo  charge  exchange,  i.e.: 

A  8 h  +  h  -Ao**-  AH**  +  C  -AB  +  C 
Bv  choosing  a  suitable  charge  exchanger  C  such  that  the 
reaction  is  exothermic  for  the  A  state  .ut  endothormi* 
for  the  X  state,  it  is  possible  to  eliminate  essontiallv 
all  of  the  b.  kground  signal.  For  example,  our  typical 
spectra  have  a  background  of  less  than  2 3  counts/second 
and  a  signal  of  about  200  counts/ second  with  the  laser 
tuned  to  a  strong  resonance.  Being  at  the  shot  noise 
limit  with  such  good  signal- to-noise  allows  us  to  simple 
use  a  rate  meter  with  a  time  constant  of  2  se* onds  to 
record  spectra,  such  as  shown  in  Fin.  I,  in  onlv  about 
2  minutes.  No  data  averaging  is  required.  Fig.  1 
shows  a  sample  spectral  line  from  the  N  A-X  (4,0) 
band,  obtained  with  Doppler- 1  ini  ted  resolution  using 
a  single  mode  laser.  The  upper  signal  in  the  figure 
is  laser  induced  f  luorescence  (I. IF)  of  I  taken  lor 
wavelength  calibration  purposes.  The  charge  exchanger 
used  was  Ar. 

I'sing  this  method,  we  have  obtained  the  tirst 
Doppler- limited  spectra  of  the  CO  A-X  (1,0)  hand,  and 
we  are  In  the  process  of  obtaining  improved  molecular 
constants  for  this  bund.  The  charge  exchanger  used 
was  again  Ar,  woich  is  exothermic  for  the  CO  A  -.tate 
but  endothermic  for  the  X  state. 


Figure  1  '.<2  A-X  (4,0)  Absorption  Soectrur  Recorded 

by  Laser  Induced  Charge  Exchange  Spectroscopy 


In  addition  »,»  the  I'O 
.  trum  of  the  N  A  -X 


.  i  :>oup  1  ,  r-  !  \r  i  t  ed 
i )  'Ivin.']  band  has  be 


obtained.  We  measured  approx  I  mate  1  ‘  IS  transit  ion*-  in 
.ill  o!  tne  branches,  and,  with  the  aid  of  I  III  *ali- 
hration  spectra,  have  fitted  the  results  to  an  ettectivi 
Hamiltonian  developed  bv  Brown  and  co-workers.  These 
are  the  tirst  experimentally  determined  molecular 
constants  for  this  band.  The  sensitivity  of  this 
technique  is  indicated  bv  the  fact  that  the  S+  <  3,Hj 
band  has  a  small  Franck-fondon  factor  and  has  never  beet 
seen  in  emission,  or  with  l.R  . 

'..'e  plan  to  use  this  technique  tc  explore  the  sn*-*  - 
troscopv  of  less  well -known  sneoios  and  to  obtain  some 
sub-Dopp 1  or  measurement s,  as  well  as  to  invest i  ’ate  the 
charge  exchange  reactions  of  e>:*  it«*<l  states.  Ant  it  ipat. 
future  investigations  include: 

A.  !  se  of  the  I.ar.h  dip  technique  to  observe  the 
■*- 

hyper! ine  structure  of  the  N  A  state. 

R .  Fse  of  mic  rowave-. »Mt  ic. 1 1  double  r*  -.onaiu  e  to 
observe  the  ground  -.tat*’  lamhda-douh  lin  •  split  tin-  in  N 


<.  .  Measurement  o-t  th* 
sections  for  tne  A  stole-,  o 


relational  and  vibrational  lev*  I. 
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A  DETECTION  SYSTEM  TO  STUDY  THE  STEREOCHEMISTRY  OF  MOLECULAR- IONS 


A.  Faibis,  V.  Koenig,  E.  P.  Kanter,  Z.  Vager,  and  B .  J.  Zabransky 
Physics  Division,  Argonne  National  Laboratory,  Argonne,  IL  60439 


In  the  last  decade  a  rather  large  number  of 
experiments  studying  the  collision  induced  dissociation 
of  fast  (  MeV)  molecular  ions  were  reported.  Foil- 
induced  dissociation  (Coulomb  explosion)  has  allowed 
the  study  of  a)  the  interaction  of  correlated  clusters 
with  the  target,  and  b)  parameters  characterising  the 
structure  of  the  molecular  projectile  prior  to 
d Issoc la t ion. 

Recent  work  as  the  Ueizmann  Institute  in  Rehovot* 
showed  that  a  complete  measurement  of  the  final  momenta 
for  all  the  fragments  can  be  used  to  generate  the 
spatial  part  of  the  phase-space  distribution  describing 
the  molecular  ion.  This  opens  the  possibility  of 
determining  the  molecular  potential  energy  surface  for 
small  (3-4  atoms)  molecular- ions .  Also,  by  selective 
excitation  one  could  study  the  above-mentioned  phase- 
space  distribution  for  different  excitation  regimes  of 
the  molecular  ion. 

The  experimental  requirement  is  to  detect  in 
coincidence  all  of  the  break-up  fragments  and  to 
determine  for  each  one  of  them  the  three  momentum 
components  in  the  center  of  mass  of  the  molecular 
ion.  To  this  end  we  designed,  built  and  tested  a 
MUlti-Particle  Position  And  Time  Sensitive  (MUPPATS) 
detector. *  The  MUPPATS  is  a  large-area  (30  cm  in 
diameter),  Breskin-like  gas  detector-*  with  a  wide 
dynamical  range.  It  is  capable  to  detect  0.1-  to  3-MeV 
ions  from  protons  to  neon  Ions,  with  no  change  in  the 
operating  conditions. 

The  main  elements  of  the  detector  are  three 
electrode  planes  made  of  thin,  parallel  tungsten  wires, 
with  wire  spacing  0.3-1  mm.  The  planes  are  2  mm  apart 
and  rotated  by  60°,  one  with  respect  to  another.  The 
detector  volume  Is  filled  with  isobuthane  at  2-3  Torr 
pressure.  As  charged  particles  pass  through  the  anode- 
cathode  gap,  the  electron  avalanche  formed  along  their 
trajectory  is  amplified  and  collected  by  an  anode 
wire.  Simultaneously,  electrical  signals  of  opposite 
sign  are  induced  in  the  neighbouring  cathode  wires.  In 
this  way,  for  each  detected  particle  one  obtains  three 
in-plane  coordinates.  The  lapse  of  time  between  the 
arrival  of  two  fragments  originating  in  the  break-up  of 
the  same  molecular- ion  is  also  accurately  determined. 

It  measures  the  component  of  the  particle  separation 
which  is  perpendicular  to  the  detector  plane. 


To  avoid  the  extremely  expensive  single-wire  read¬ 
out  for  all  of  the  900  wires  we  chose  to  connect  the 
cathode  wires  through  delay  lines.  After  being 
amplified  and  discriminated  the  output  of  the  delay 
line  is  fed  into  a  FASTBUS  pipelined  TDC.  This  module, 
belongs  to  the  new  generation  of  standardized 
electronics  developed  for  high-energy  physics.  It 
provides  rapid  and  intelligent  handling  of  multiple 
stops  allowing  the  processing  of  multiparticle  events. 

The  MUPPATS  detector  has  been  now  mounted  and  is 
undergoing  preliminary  tests  with  particle  beams  from 
the  5  MV  Dynamitron  accelerator  at  ANL.  Preliminary 
results  with  H"£,  Hj  and  probably  HjO*  should  be 
available  by  the  time  of  the  Conference. 

*Work  supported  by  the  U.  S.  DOE,  Office  of  Basic 
Science  under  Contract  W-31- 109 -FNG- 3* . 
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X-RAY  PHOTOELECTRON  SPECTROSCOPY  OF  ATOMS  AND  MOLECULES: 

A  WINDOWLESS  X-RAY  TUBE  FOR  HIGH  TEMPERATURE  MEASUREMENTS 


M.  S.  Banna  and  B.  H.  McQuaide 

Vanderbilt  University,  Department  of  Chemistry,  Nashville,  Tennessee 

One  of  the  main  difficulties  encountered  in  high 
temperature  gas  phase  XPS  is  the  failure  of  the  thin 
window  used  to  transmit  the  x-rays  into  the  ionization 
region.  Without  a  window,  the  x-rays  will  be  quickly 
attenuated  due  to  condensation  of  the  sample  onto  the 
anode  surface.  For  temperatures  below  -600°C  A1  foil 
can  often  be  used,  while  carbon  or  beryllium  films  are 
suitable  at  higher  temperatures.  In  some  cases,  how¬ 
ever,  the  vapor  reacts  with  the  window  material  or 
simply  condenses  on  the  surface  ue  to  the  difficulty 
of  keeping  the  window  hotter  than  the  remainder  of  the 
oven.  Add  to  this  the  fragility  of  carbon  films  and 
the  toxicity  and  cost  of  beryllium  foil.  Thus  it  is 
highly  desirable  to  eliminate  windows  altogether. 

We  have  constructed  an  x-rav  tube  with  a  slowly 
r  fating  (  bO  rpm)  anode,  which  makes  possible  the 
continuous  scraping  of  the  anode  surface.  In  this 
manner  a  sufficient  x-rav  flux  can  be  maintained  with¬ 
out  using  a  window.  This  arrangement  paves  the  way  for 
the  studv  of  numerous  more  species  in  the  gas  phase 
at  high  temperatures.  Sample  spectra  illustrating  the 
performance  of  the  x-rav  tube  will  be  presented. 
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MULTICHARGED  ION-ATOM  MERGED-BEAMS  APPARATUS 

C.  C.  Havener,  H.  F.  Krause,  and  k.  A.  Phaneuf 

Physics  Division,  Oak  Ridge  National  Laboratory* 
Oak  Ridge,  Tennessee  37831  USA 


An  ion-atom  merged-beams  apparatus  has  been  devel¬ 
oped  to  measure  total  electron-capture  cross  sections 
for  collisions  of  multicharged  ions  with  neutral  atoms 
in  the  energy  range  from  1-500  eV/arou.  The  objective  is 
to  extend  existing  measurements  for  these  collisions  to 
considerably  lower  energies,  where  theoretical  models 
and  methods  remain  essentially  untested.  In  some 
multiply-ionized  systems,  an  orbiting  mechanism  may  be 
expected  to  produce  very  large  electron-capture  cross 
sections  with  a  l/v  velocity  dependence  at  low  collision 
energies . 

The  current  arrangement  of  this  experiment  is  shown 
in  the  figure.  A  2-5  keV/amu,  highly-collimated  beam  of 
or  D”  from  a  duoplasmatron  ion  source  passes  through 
the  optical  cavity  of  a  I*06-ym  Nd:YAG  laser,  where  1-2 
kVi  of  cw  circulating  intracavity  power  is  maintained. 
Photodetachment  of  roughly  1%  of  the  negative  ions  pro¬ 
duces  a  highly-collimated  flux  of  ground-state  neutral 
H°  or  D°  atoms  of  up  to  2  x  10 11  per  second.  The  unde¬ 
tached  H~  or  D"  beam  is  electrostatically  separated  from 
the  neutrals,  and  collected  in  a  differentially-pumped 
beam  dump.  For  initial  tests,  the  apparatus  has  been 
operated  on-line  using  the  ORNL-PIG  multicharged  ion 
source,  which  generates  a  highly-collimated  1  pA  beam  of 
N3+  at  36  keV.  This  beam  has  been  successfully  merged 
with  a  3  keV/amu  D°  beam  in  the  75-cm  ultrahigh  vacuum 
merge  path.  A  two-dimensional  real-time  scan  of  the 
spatial  overlap  of  the  beams  at  one  position  near  the 
center  of  the  merge-path  is  generated  by  a  commercial 
rotating-wire  beam  profile  monitor.  The  ions  are  magne¬ 
tically  demerged,  separating  the  H+  or  D+  from  the  N*4*, 
N*:+,  and  the  neutral  H°  beams.  The  H+  and  D+  produc¬ 
tions  are  further  electrostatically  analyzed  at  90°  from 
the  plane  of  magnetic  dispersion  and  focused  onto  a 
channel  electron  multiplier  where  they  are  counted. 
Signals  in  the  H*(D+)  detector  resulting  from  beam-beam 
interactions  have  been  measured  above  background  due  to 


beam-gas  interactions  by  using  a  standard  beam-modulation 
scheme  to  chop  both  the  multicharged  ion  and  neutral 
beams,  and  to  gate  dual  counters  to  record  both  signal- 
plus-background  and  background  events.  Current  operating 
parameters  for  the  experiment  are  summarized  in  Table  1. 
The  signal-to-background  ratio  is  sufficient  to  permit 
the  necessary  diagnostic  measurements  to  be  made  on  the 
signal  in  several  minutes.  Developments  to  allow  addi¬ 
tional  measurements  of  the  spatial  overlap  of  the  beams 
at  different  points  along  the  merge  path  are  under  way. 
This  will  be  required  for  definitive  absolute  cross- 
section  measurements.  Since  such  electron-capture  colli¬ 
sions  are  predominantly  exoergic,  we  hope  also  to  be  able 
to  obtain  some  information  above  the  electronic  states  of 
the  product  ions  from  laboratory  kinetic-energy  analysis 
of  the  product  protons  or  deuterons.  With  minor  modifi¬ 
cations,  the  present  apparatus  can  also  be  applied  to  the 
study  of  electron  capture  in  collisions  of  H'  +  H  at  low 
energies . 

Table  1.  Typical  operating  parameters 

D”  beam:  E  -  6.00  keV;  I(D“)  -  2  pA;  I(D°)  -  15  nA 
N3+  beam:  E  -  36.0  keV;  I(N3+)  -  1  mA 
Center-of-mass  energy:  16.5  eV/amu 
Merge  path  -  75  cm 

Merge  path  pressure  -  1.5  *  10” 10  torr  (base), 

7  x  10“ 10  torr  (w/beams) 

H*  background  count  rate  -  3  *  10  ^  s'* 1 
Noise  from  N^+  beam  *  50  s- * 

Beam-beam  signal  -  80  s“l 

Time  for  s.d.  of  102  on  9ignal  ■  A  minutes 

2-dim  beam-overlap  factor  *  0.2*>  cm2 

*Research  sponsored  by  the  Division  of  Chemical  Sciences, 
U.S.  Department  of  Energy  under  Contract  No.  DE-AC05- 
840R21400  with  Martin  Marietta  Energy  systems,  Inc. 


OPNl  OWO  8)  -4  106. 


X*q  FROM  MULTICHARGED 
ION  SOURCE 


Cw  Nd  VAG  LASER 
(NEUTRALIZATION) 


X: 

H  beamoump 


ION-ATOM  MERGED  BEAMS  EXPERIMENT 


REALIZATION  OF  A  TRUNCATED  SPHERICAL  ANALYZER  FOR 
PARALLEL  MEASUREMENT  OF  ANGULAR  DISTRIBUTIONS 

D.  Tremblay,  D.  Roy,  and  D.  Dubg 

Ddpartement  de  Physique  et  Centre  de  Recherche  sur 
les  Atomes  et  Molecules  (CRAM)  University  Laval, 
Quebec,  G1K  7P4,  Canada 


We  present  here  the  current  state  of  the  realiza¬ 
tion  of  a  new  electrostatic  electron  spectrometer  based 
on  a  modified  design  of  the  electrostatic  spherical 
mirror  proposed  by  Sar-El1.  In  the  latter  proposal, 
both  the  source  and  the  detector  lie  inside  the  inner 
one  of  two  concentric  spheres  and  on  a  common  diameter 
which  represents  a  symmetry  axis  of  the  analyzer.  The 
electrons  leaving  the  source  in  a  direction  normal  to 
the  axis  enter  the  gap  between  the  two  spheres  and  are 
deflected  by  the  electrostatic  field.  Those  with  pass 
energy  reach  a  first  focus  inside  the  gap  but,  because 
of  the  symmetry  about  the  axis,  all  the  emission  (or 
scattering)  angles  are  thus  separated.  After  the  first 
focus,  electrons  are  focussed  back  inside  the  inner 
sphere  at  the  opposite  point  of  the  source  where  Sar-El 
suggested  that  the  detector  should  be  placed. 

p 

In  a  previous  work  ,  we  proposed  to  perform  elec¬ 
tron  detection  at  the  first  focus  inside  the  gap.  The 
addition  of  a  retarding  lens  moves  the  effective  source 
(see  Fig,  1)  and  the  focus  locii.  We  computed  the  per¬ 
formances  of  the  modified  analyzer  and  showed  that  good 
energy  resolution  together  with  parallel  detection  of 
angular  distributions  were  possible. 

The  analyzer  under  realization  is  designed  for 
electron-gas  applications  although  photo-emission  and 
surface  studies  could  be  possible.  The  monochromatic 
projectile  electron  beam  is  produced  by  a  classic 
127.3°  cylindrical  deflector  outside  the  spheres  and 
carried  to  the  collision  zone  by  electrostatic  lenses. 
Inside  the  analyzer  gap,  electric  field  distortions 
caused  by  lenses  are  prevented  by  correcting  plates. 
These  plates  divide  the  analyzer  into  two  parts.  In 
the  first  one,  19  continuous-dynode  electron  multipliers 
achieve  the  discrete  multi-detection  in  a  scattering 
angle  range  of  150°.  In  the  second  part,  an  extended 
Faraday  cup  measures  the  total  cross  section.  Data 
acquisition  is  performed  by  independent  32  bit  counters 
controlled  by  a  TI  9900  microprocessor. 


inside,  the  large  sphere  was  cut  into  two  halves,  which 
accounts  for  the  reduced  precision. 
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Fig.  1  Schematic  view  of  the  analyzer:  The  projectile 
electron  beam  is  coming  out  of  the  plane.  The 
analyzer  is  symmetrical  about  the  axis  shown 
and  thus  parallel  detection  is  possible. 
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The  spheres  were  made  of  aluminum  in  a  lathe 
with  tolerances  of  about  0.05  mm  for  the  larger  one 
over  a  260  mm  diameter  and  half  these  values  for  the 
smaller  one.  In  order  to  allow  easy  access  to  the 
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SIMPLE,  LOW  COST,  DATA  ACQUISITION  SYSTEM  FOR  EELS 


G.  G.  B,  de  Souza,  F.  C.  Pontes,  H.  Gama! 

Instituto  de  Qulmica  da  Universidade  Federal  do  Rio  de  Jan°iro 
Cidade  Universitaria  -  21.910  -  Rio  de  Janeiro  -  RJ  -  Brasil 


A  simple  and  inexpensive  data  acquisition 
system  has  been  developped  and  interfaced  to  an 
intermediate  energy,  low  resolution,  electron- 
energy  loss  spectrometer,  which  has  been  descri_ 
bed  earl ier1 . 

The  system  is  based  on  an  Apple  II  micro¬ 
computer  with  64  kbytes  of  RAM,  a  2-80  card  and 
a  5  1/4"  disk-drve. 

The  data  acquisition  interface  contains 
a  programmable  timer  and  pulse  counter,  input 
and  output  parallel  ports  and  two  serial-data 
links.  The  input/output  ports  are  used  for 

reading  the  pressure  inside  a  high  vacuum  cham¬ 
ber  by  means  of  a  digital  ionization  gauge  (Va- 
rian  84  5)  and  to  control  the  output  voltage  of 
a  programmable  power  supply  (Bertan  20S-A-01R). 
The  timer-conter  was  designed  around  an  Intel 
8253  integrated  circuit  and  uses  the  Apple 
clock  as  time  base.  It  allows  for  the  counting 
of  up  to  2  **  32  pulses  per  channel  and  for 
dwell  times  in  the  range  of  1  to  2  **  lb  msec. 

A  versatile  software  has  been  developed 
offering  the  following  capabilities: 

A)  Setting  of  various  experimental  para¬ 
meters,  such  as  the  number  of  scannings,  power 
supply  voltages,  range  of  allowed  pressures, 
etc  . 

B!  Normalization  and  presentation  of  the 
spectrum,  during  acquisition  time.  Each  scan 
can  bo  stopped  and  the  spectrum  expanded  and 
integrated  between  two  chosen  points. 

I.hc  operations  are  eased  by  the  use  of  a  po¬ 
tentiometer  which  controls  a  cursor  on  the 
s-reon.  The  acquisiton  can  be  restarted  from 
the  current  point  or  from  the  beginning,  with 
or  without  parameter  modifications. 

Ci  Automatic  data  saving  after  a  chosen 
number  of  scans  and  reading  of  another  data  fi_ 
le,  arithmetic  operations  with  t'  e  two  sets  of 
data. 

The  serial  data  links  are  software  con¬ 
trolled.  One  of  them  turns  the  microcomputer 
in  a  TTY-1  ike  terminal  of  a  Burroughs  6700  com 
putcr,  where  data  can  be  saved  in  magnetic  ta¬ 


pes,  hard  disks  or  plotted  out  by  a  high  qua¬ 
lity  color  plotter.  The  other  link  is  used 
for  transferring  data  from  or  to  the  memory 
of  a  multichannel  analyzer  (Traco r-Northe rn 
1  '05)  . 

The  programs  have  been  written  in  FORTRAN 
although  some  critical  parts  have  been  writ¬ 
ten  in  2-80  or  6502  assembly  language. 

When  compared  to  the  previously  described 
system1  the  present  one  has  demonstrated  a 
comparable  performance  and  a  definite  advanta 
ge  as  far  as  simplicity  and  cost  are  invol¬ 
ved. 

Financial  support  from  the  Conselho  Na- 
cional  de  Desenvol vimento  Cientffico  e  Tecno 
logicc  (CNPq)  and  Financiadora  de  Estudos  e 
Projetos  (FINEP)  is  gratefully  acknowledged. 
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DETECTION  OF  LOW-LYINC  METASTABLE  MOLECILES  BY  PHOSPHORESCENCE  OP  FLl'ORESCENCE 


Hiroshi  Kume,  Tamotsu  Kondow,  and  Kozo  Kuchitsu 


Department  of  Chemistry,  Faculty  of  Science,  The  University  of  Tokyo,  Bunkyo-ku,  Tokyo  113,  Japan 


The  A3E+  and  the  a3I!  states  of  N„  molecules  were 
u  g  2 

detected  selectively  by  observing  the  phosphorescence  from 
biacetyl  and  the  fluorescence  from  anthracene  respectively 
adsorbed  on  a  copper  substrate  with  detection  efficiency 
of  about  10  This  technique  was  also  applied  to  detec¬ 
tion  of  other  low-lying  metastable  states,  such  as  the 
lowest  triplet  states  of  aromatic  molecules,  where  a 
detection  efficiency  of  2*'0  3  was  attained  by  using 
biacetyl  as  a  phosphor. 

A  nozzle  beam  of  metastable  molecules  was  produced 
by  electron  impact  (energy  spread:  0.8  eV)  and  was  allowed 
to  collide  on  a  phosphor  surface.  A  spectrum  of  the 
resulting  emission  was  observed  when  the  metastable  mole¬ 
cules  excited  by  a  continuous  electron  beam  were  impinged 
on  the  phosphor  surface.  The  time  dependence  of  the 
emission  (TDK)  was  also  measured  by  use  of  the  metastable 
beam  excited  by  pul sed-e lectron  bombardment.  The  phosphor 
was  deposited  continuously  on  a  cold  copper  substrate 
(77  K)  during  the  measurement. 

Phosphorescence  of  biacetyl  was  observed  when  meta¬ 
stable  molecules  were  allowed  to  collide  on  biacetyl 
surface.  The  shape  of  TDE  was  found  to  be  independent  of 
the  electron  impact  energy  and  determined  by  the  velocity 
distribution  of  the  ^  beam  and  the  lifetime  of  the  phos¬ 
phorescence;  the  lifetime  was  estimated  to  be  1  ms.  An 
excitation  function  estimated  from  the  integrated  TDE  is 
shown  in  fig.  1.  The  threshold  energy  (6.2i0.8  eV)  corre¬ 
sponds  to  the  excitation  energy  of  the  A  £*  state.  This 
threshold  energy  and  the  peak  position  at  12  eV  agree 

with  those  in  the  excitation  function  of  N.(A3E+)  measured 

2  i  u 

using  Auger  electron  emission  from  Cs  metal.  However, 
our  measurement  gives  significantly  higher  intensity  in 

the  low-energy  region  (6—9  eV) .  The  detection  efficiency 

3  +  -3 

for  N~(A  T  )  was  measured  to  be  about  10  ,  which  is  com- 

L  u 

parable  with  the  secondary  electron  yield  of  a  typical 

Cu-Be-0  surface  by  N0(A3I+).^ 

2  u  i 

By  using  anthracene  instead  of  biacetyl,  ^(a  1.^) 

was  detected  selectively  by  observing  its  fluorescence. 

The  excitation  function  estimated  from  the  integrated 

intensity  of  TDE  agrees  well  with  that  measured  by 

3 

electron  energy  loss  spectroscopy.  The  fluorescence 
spectrum  accords  with  that  for  an  anthracene  single 
crystal.  This  agreement  implies  that  anthracene  molecules 
on  the  surface  are  well-oriented.  The  detection  efficiency 
was  about  10  3. 

The  present  technique  was  further  extended  to 
detection  of  benzene  in  the  lowest  triplet  state  (T^>. 


Biacetvl  was  used  in  this  case,  and  the  phosphorescence 
spectrum  and  the  corresponding  TDE  were  measured.  It  was 
found  that  benzene  in  T  was  actually  detected  with  an 
_  3 

efficiency  of  about  2*10  .  This  metastable  detector  was 

found  to  be  stable  and  reliable  for  more  than  10  h  at  a 

- 

pressure  o!  10  torr. 
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Fig.  1: 

Excitation  function  for 

N0(A3£+) .  Broken  line 
2  u 

shows  the  excitation 
function  measured  by 
Auger  electron  emission 
from  a  Cs  surface.3 
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Fig.  3: 

Excitation  function  for 
benzene (T^).  Broken 
line  shows  the  excitation 
function  measured  by 
Auger  electron  emission 
from  n  sodium  surface.^* 
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MEASUREMENTS  OF  LASER  EXCITED  ATOM  POPULATION  IN  Na  VAPOR  AND  FAST  Na  BEAMS 
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University  of  California,  San  Diego,  La  Jolla,  CA  92093,  USA  and 
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A  beam -gas  technique  involving  ion- pair  production 
in  alkali-halogen  collisions  has  been  used  to  measure 
the  fraction,  f  ,  of  laser  excited  Na  atoms,  Na  ,  in  Na 
vapor  and  fast  (keV)  Na  beams.  The  method  as  applied 

to  a  beam  will  be  described  first.  The  beam  consists  of 

*  2  2 
Na  in  the  3  P^^F  =  3  state  and  of  Na  in  the  3  = 

1 , 2  ground  state  (GS).  The  Na  is  produced  from  F  = 

2  GS  Na  by  a  Coherent  599-21  single  frequency  CW  dye 

laser  pumped  by  a  Coherent  Innova-5  Ar  ion  laser.  The 

bandwidth  of  the  laser  is  approximately  1  MHz.  The 

laser  is  aligned  so  that  the  light  beam  is  coincident  with 

the  atomic  beam,  which  is  generated  by  charge-transfer- 

ring  Na  (from  a  surface  ionization  source  of  fused  silica 

glass)  in  Na  vapor.  The  method  consists  of  passing  the 

atomic  beam  through  a  vapor  of  17  in  a  cell  and  measur- 

+ 

ing,  with  the  laser  on  and  off,  the  Na  current  resulting 
from  the  ion-pair  production  reaction  Na+I^  -»  Na+ +  I^  . 
The  technique  works  because  the  crossing  radii  are 
quite  different  for  GS  Na  and  Na  and  allow  only  the 
former  to  react.  For  an  optimum  laser  power  of 
100  mW/cm^,  measurements  of  f  were  made  for  a  lab¬ 
oratory  energy,  E,  of  the  Na  atoms  from  1000  to  5500  eV 
and  ranged  in  value  from  about  3%  at  the  lowest  E  to 
6.8%  at  the  highest.  The  technique  should  work  for  much 
lower  E  but  with  more  difficulty  because  of  smaller 
beam  intensities  and  increased  elastic  scattering. 

The  theoretical  maximum  f  ,  f  ,  for  our  accel- 

max 

e rated  beam  can  be  calculated  from  the  statistical 
weights  of  the  GS  hyperfine  levels,  i.e.,  f  =  (5/8 )/ 2 
=  5/16  31  T.  This  calculation  assumes  that  the  Doppler 

width  (full  width  at  half  maximum,  i.e.  ,  FWHM)  falls 
within  the  10  MHz  natural  linewidth  of  Na-D^  line.  This 
is  the  case  since  accelerating  the  beam  drastically  re¬ 
duces  the  velocity  spread  due  to  the  source.  For  ex¬ 
ample,  at  E  =  5000  eV,  the  calculated  Doppler  width  due 
to  the  1300  K  source  is  only  3.  9  MHz.  Actual  Doppler 
widths  are  determined  by  fitting  a  calculated  lineshape 
to  the  measured  curve  (ion-pair  production  versus  laser 
frequency).  The  calculated  lineshape  is  obtained  from 

* 
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a  Voight  formula  modified  for  power  broadening.  As  an 

example,  at  E  =  5000  eV,  the  measured  linewidth  is  45 

MHz,  and  the  derived  Doppler  width  and  power  broadened 

natural  linewidth  are  each  about  30  MHz.  A  rough  value 

of  f  ,  which  is  more  realistic  than  f  ,  can  be  ob- 

max 

tained  by  assuming  that  all  of  the  atoms  with  Doppler 
frequencies  within  the  power  broadened  natural  line- 
width  are  excited  whereas  those  outside  are  not.  Thus, 
f  «  (30/45)*{5/l6)  =  0.  21.  Contributions  to  the  Doppler 
width  from  angular  divergence  are  negligible  compared 
to  the  velocity  spread  associated  with  the  source. 

Two  obvious  facts  emerge  from  the  previous  discus¬ 
sion:  a)  the  calculated  f  of  21%  is  considerably  larger 
than  the  measured  value  of  6.  5%  and  b)  the  actual  Dop¬ 
pler  width  of  30  MHz  is  much  greater  than  the  3.  9  MHz 
calculated  for  the  accelerated  beam.  The  first  fact  can 
be  explained  by  optical  pumping,  which  arises  from 
wing  absorption  of  the  power  broadened  natural  line- 
width.  The  second  could  be  the  result  of  a  large  velocity 
spread  of  Na  +  from  the  source  due  to  resistivity  and  a 

variable  work  function  of  the  fused  silica  glass. 

* 

The  method  of  measuring  f  for  a  partially  excited 
vapor  of  Na  confined  to  a  cell  will  now  be  described. 

The  vapor  is  typically  at  a  pressure  of  0.1  mTorr  and  is 
excited  by  the  same  single  frequency  CW  laser  described 
previously.  Coincident  with  the  laser  is  a  Cl  beam  at, 
typically,  E  =4000  eV,  This  beam  is  generated  by  elec¬ 
tron  detachment  of  Cl  in  O^.  The  Cl  ,  in  turn,  is 
formed  from  CCl^  in  an  electron  impact  source.  As  be¬ 
fore,  ion-pair  formation  is  used  to  determine  f  ;  Cl  is 
detected  from  Na+Cl  -*Na+  +  Cl  .  The  measured  line- 
width  for  the  function  of  Cl  intensity  versus  laser  fre¬ 
quency  is  about  3.9  GHz.  The  Na  is  in  the  3  P 
state,  but  the  hyperfine  distribution  cannot  be  specified. 

If  n^  is  the  constant  density  of  GS  Na  atoms  in  the  cell 
and  n'  (x)  the  variable  density  of  Na  along  the  axis  x  of 

the  cell  of  length  L,  than  f  is  defined  as  f 
-1  rL  *  ki  .*:• 

(nAL)  v  n  (x)dx.  A  typical  f  =  0.  02  for  a  laser 
0  o  2 

power  of  1000  mW /cm  . 

The  Na'  generated  in  both  beams  and  vapors  has 

* 

recently  been  used  to  investigate  the  reaction  Na  +  Na 
-*  Na+  +  Na  . 
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A  storage  ion  source ^  based  on  the  principle  of 
confinement  of  charged  particles  by  inhomogeneous  oscil¬ 
latory  electric  field  has  been  built  for  production  of 
H2  +  ions  in  the  lowest  two  vibrational  levels.  The 
source  consists  of  a  stack  of  plates  each  having  a  U- 
shaped  hole  in  it  (see  Fig.  1)  and  alternate  plates  are 
connected  to  a  suitable  radio  frequency  source. 


Fig.  1  Plates  of  storage  ion  source  and  the 
L'-shaped  holes. 

Electrons  from  a  filament  are  accelerated  into  the  source 
through  one  limb  of  the  I’-cavity  and  ions  are  formed  by 
electron  impact  on  gas  molecules.  The  inhomogeneous  r.f. 
field  produces  an  effective  potential  well  with  steep 
wall,  in  which  ions  are  stored  for  some  time  before 
being  extracted  through  an  exit  hole  in  the  other  limb  of 
the  U-cavity.  During  the  storage,  the  ions  suffer  many 
collisions  with  the  neutral  gas  which  is  the  key  to 
vibrational  de-excitation. 

From  the  photoionization  of  H2  with  rare  gas  mix- 

(2) 

tures,  the  following  reactions  are  known  to  have 
definite  threshold  for  ion  vibrational  energy. 

Hz+(v5  2)  +  Ne  ■*  NeH+  +  H 
H2+(v2  3)  +  He  -  HeH+  +  H 

By  using  a  mixture  of  Ne  or  He  with  H2  in  appropriate 
(3) 

proportion  in  the  ion  source  and  operating  the  source 
at  high  pressure  (about  0.1  torr)  higher  vibrational 
levels  of  H2  +  ions  have  been  effectively  quenched  leaving 
the  lowest  two  vibrational  levels.  State  selected  H2  + 
ion  beam  of  10” 0A  or  more  has  been  obtained. 

A  new  low  energy  cross  beam  (ion-atom)  apparatus  has 
been  built  for  the  determination  of  the  quality  of  these 
ions  by  threshold  measurement  of  collisional  dissociation 
of  H2+  with  He.  Ions  from  the  storage  ion  source  are 
extracted,  focused  by  an  einzel  lens  and  are  mass  selec¬ 
ted  by  a  Wien  Filter  before  being  decelerated  to  the 

(4)  4. 

required  energy  by  a  deceleration  lens  .  Then  the 
ions  cross  a  modulated  jet  of  He  at  right  angles.  The 


primary  and  secondary  ions  are  accelerated,  focused  by  an 
electrostatic  quadrupole  doublet  and  analyzed  by  a  mag¬ 
netic  mass  spectrometer.  The  secondary  ions  are  detected 
on  a  channel tron. 

The  results  of  the  threshold  measurement  for  the 
process,  H2+(v)  +  He  H+  +  H  +  He,  is  shown  in  Fig.  2 
where  the  relative  cross  section  of  H+  production  has 
been  plotted  against  the  ion  kinetic  energy.  With  H2+Ne 
(1:5  ratio)  mixture  in  the  ion  source  at  a  pressure  80 
mtorr,  only  v  =  0  and  1  levels  are  seen  to  be  populated. 
For  comparison,  the  source  was  tried  with  pure  H2at  10 
mtorr  and  the  data  clearly  indicates  that  higher  vibra¬ 
tional  levels  up  to  v  =  10  are  present.  By  taking  a  mix¬ 
ture  of  H2  +  He  (1:10  ratio)  at  100  mtorr,  vibrational 
levels  above  v  =  3  are  effectively  quenched. 

Reference 

1.  E.  Teloy  and  D.  Gerlich.  Chem.  Phys.  4,  417  (1974). 

2.  W.A.  Chupka  and  M.E.  Russell.  J.  Chem.  Phys.  48, 

1527  (1968). 

3.  7.  Herman  and  V.  Pacak.  Int .  J.  of  Mass  Spec,  and 
Ion  Phys.  24,  355  (1977). 

4.  7..  Herman,  J.D.  Kerstetter,  T.L.  Rose  and  R.  Wolfgang. 
Rev.  Sci.  Instrum.  40,  538  (1969). 


Fig.  2  Relative  cross  section  of  collisional  disso¬ 
ciation  of  li;+  on  He  ns  a  function  of  ion 
kinetic  energy  for  different  source  condi¬ 
tions  ns  indicated.  thresholds  for  different 
vibrational  levels  of  H?  are  also  shown. 


j 


r* .  *v«w 


V  »  *  *  %  •  •  ■ 

iv. 


•A*/.-  V*  ’  j 


,\,V 


.jlil 


r  r 


CHARACTERISTICS  OF  A  LASER-GENERATED  PLASMA 
AS  SOURCE  OF  SOFT  X-RAYS  (200  eV  -  1  keV) 

H.C.  Gerritsen,  H.  van  Brug,  F.  Bijkerk  and  M.J.  van  der  Wiel 

FOM-Ins t itute  for  Atomic  and  Molecular  Physics, 
Kruislaan  407,  1098  SJ  Amsterdam,  The  Netherlands 


The  plasma  generated  by  a  pulsed  laser  beam  focus¬ 
sed  on  a  metal  target  has  attractive  properties  as  a 
source  of  soft  X-rays.  We  report  a  study  of  the  charac¬ 
teristics  of  such  plasmas  from  various  *'arget  materials, 
including  emission  spectra  from  200  eV  -  1  keV,  source 
size  and  photon  flux.  The  plasmas  were  generated  using  a 
20  J ,  15  ns  YAG  -  glass  laser;  frequency  doubling  was 
used  in  order  to  optically  isolate  the  laser  from  the 

reflecting  plasma.  Focussing  with  an  f  *  120  mm  lens  pro- 

1 1  —2 

duces  a  pjwer  de».c:ty  at  the  target  of  10  W  cm  .  The 
target  is  rotated  after  each  laser  shot  (rep.  rate  2/mi¬ 
nute)  . 

X-rays  within  an  opening  angle  of  2.10  5  rad  are 
accepted  by  a  toroidal  mirror  to  give  a  stigmatic  image 
of  the  source.  A  scan  of  a  narrow  slit  across  this  im¬ 
age  allows  a  determination  of  the  source  size,  which  we 
found  to  be  approx.  83  um.This  value  is  to  a  large  ex¬ 
tent  independent  of  the  target  material  and  the  X-ray 
wavelength.  The  image  serves  as  the  object  for  an  X-ray 
po lychromator *  covering  the  spectral  range  from  1.2 -6.5 
nm.  The  polvchromator  employs  a  holographic  grating  to 
disperse  wavelengths  in  the  range  indicated  across  a  po¬ 
sition-sensitive  X-ray  detector.  This  detector  consists 
of  a  Au  electrode,  from  which  photoemitted  electrons  are 
guided  by  a  1  kgauss  magnetic  field  to  a  channelplate/ 
phosphor  combination,  with  optical  read-out.  The  overall 
photon  energy  resolution  is  6  eV  FWHM,  which  is  limited 
but  sufficient  for  the  (surface)  EXAFS  studies  planned 
with  this  instrument. 

The  emission  by  the  plasmas  consists  of  a  smooth 
bremsstrah lungs  background,  on  which  atomic  lines  are 
superposed  in  certain  spectral  regions  (see  figure  1). 

We  have  recorded  spectra  for  Mg,  Al,  Ti,  Ke,  Ni,  Cu,  Mo, 

Ag,  Ta,  Pb  and  Bi.  The  features  in  the  Mg  and  Al  spectra 

.  .  .  .  2 
are  easily  identified  as  arising  from  He-like  (Is  )  con¬ 
figurations,  which  capture  an  electron  and  -  after  cas¬ 
cade  -  produce  the  lower  lines  of  the  MgX  and  A1X1  spec¬ 
tra.  Similarly,  in  Ti,  Fe,  Ni  and  Cu,  Ne-like  ions  are 
responsible  for  the  line-emission.  In  both  cases,  plasma 
temperatures  of  at  least  200-300  eV  are  required.  The 
heavy  elements  Ta,  Pb  and  Bi  show  no  atomic  lines  in  the 
range  under  investigation,  reason  for  which  these  are 
the  preferred  choice  for  absorption  studies.  Neverthe¬ 
less,  spectra  from  one  of  the  lighter  elements  can  con¬ 
veniently  be  used  for  rapid  energy  calibration. 

The  total  flux  of  X-rays  from  Bi,  integrated  over 


the  range  shown  in  fig.  1,  amounts  to  approx.  10*  photons 
per  laser  shot.  The  output  is  remarkably  reproducible,  in 
the  order  of  ±  1%  from  one  shot  to  the  next.  The  depen¬ 
dence  on  laser  pulse  power  is  approximately  linear.  The 
X-ray  flux  quoted  above  suffices  to  perform  transmission 
EXAFS  measurements  on  gases  and  thin  foils  in  single  la¬ 
ser  shots  (fig.  2).  Strobe  measurements  on  transient  phe¬ 
nomena  are  presently  being  considered. 
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FIG.  1.  Emission  spectra  of  Al  and  Bi  targets,  uncorrect¬ 
ed  for  polychromator  transmission.  Integrated 
yield  for  Bi  approx.  10^  photons  per  laser  shot. 


—  0  5  10 

Radial  Distribution  Function  LAngstrom3 

FIG.  2.  Radial  distribution  function  of  distances  in  Ti 
foil  (150  nm  thick),  derived  from  EXAFS  spectrum 
taken  in  one  laser  shot,  resp.  forty  shots. 
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The  recent  development  of  an  apparatus  for  meas¬ 
uring  spin-polarized  electron  scattering  from  spin- 
polarized  atoms1  has  provided  the  impetus  for  an  inves¬ 
tigation,  hoth  experimental  and  theoretical,  of  the 
degree  of  ground-state  atomic  spin-polarization  achiev¬ 
able  with  laser  optical  pumping  in  sodium.  Prom  the 
simplest  description  of  the  optical  pumping  process  one 
expects  that,  using  a  circularly  polarized  pump  laspr 
tuned  to  the  3Sl/2  F=2  ♦  3P3/2  ^s3  transition,  an 
atonic  polarization  of  S/8  can  be  achieved.2  This  cor¬ 
responds  to  all  the  3Sl/2  Fs2  population  being  concen¬ 
trated  in  Mp.=+2,  and  the  3S 1/2  F  *1  population  being 
uniformly  distributed.  In  fact,  the  net  polarization 
can  he  less,  as  a  result  of  either  residual  population 
of  levels  with  Mp  <2  in  F=2,  or  a  transfer  during  the 
optical  pumping  process  of  population  from  F=2  to  F=l. 

We  have  investigated  these  two  potential  sources 
of  incomplete  atomic  polarization  hy  observing  r.hp 
intensity  and  polarization  of  the  fluorescence  arisinq 
from  a  second,  prrjhe  laser  intersecting  the  atom  beam 
3  cm  downstream  from  the  pump.  Residual  pnpul at  ion  in 
c=2,  Mp  <2  is  diagnosed  by  monitoring  the  polarization 
of  the  fluorescence  when  the  probe  laser  is  circularly 
polarized  and  tuned  to  the  3Sl/2  F=2  ♦  3P3/2  F*3  tran¬ 
sition.  Transfer  of  population  to  F=1  is  detected  by 
tuning  the  probe  to  the  3$1/2  F=1  ♦  3Pl/2  F=1  transi¬ 
tion  and  monitoring  any  change  in  the  fluorescence 
when  the  pump  laser  is  turned  on. 

the  theoretical  investigation  consists  of  a  calcu¬ 
lation  of  t.he  time  dependences  of  the  atomic  state 
populations  in  the  optical  pumping  process  using  a 
numerical  solution  to  the  equations  governing  the  time 
evolution  of  the  density  matrix.3  This  approach  has 
the  advantage  that  the  power-broadened  transition  prob¬ 
abilities  can  he  correctly  treated  in  the  transient 
period  (before  optical  pumping  is  complete)  where  co¬ 
herence  phenomena  such  as  Rahi  oscillations  may  have 
important  effects.  The  time  dependences  are  i  ntegrat.eo 
over  a  transit  time  distribution,  which  arises  from  the 
velocity  spread  in  the  atomic  beam,  and  the  resulting 
average  increase  in  F  =  1  population  is  compared  with  ex¬ 
periment.  The  comparison  is  favorable  when  account  is 
taken  of  the  small  but  finite  residual  dnppler  width  i« 
the  atom  beam. 
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riq.  1.  Fractional  increase  in  3Si/2  F«1  population  as 
a  function  of  pump  laser  intensity.  Lower 
solid  curve:  Calculation  with  no  transverse 
doppler  width.  Dashed  curve:  Calculation 

with  0.5*  “wrong"  polarization.  Upper  solid 
curve:  Calculation  with  10  MHz  FWHM 

transverse  doppler  width. 

Both  expe-imenta'  an.<  f  heo  • '  '  '  a  ‘  n  >w 

♦hat  an  atomic  spin  polarization  •>*  0.609*. Old  can  be 
achieved  reliably  and  reproducibly ,  given  the  following 
e  xperi mental  conditions:  a  residual  magnetic  field 

less  than  lOrnG,  a  degree  of  Circular  polarization  in 
r  6p  pump  laser  better  than  11.9998,  frequency  stability 
Of  the  pump  laser  better  than  2  MHz,  laser  intensifies 
in  the  range  6-1?  rtW/cm2,  and  an  interaction  length  o* 
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ELECTRON  ITNSES  WITH  CONTROLLED  MAGNIFICATION 

D  W  0  Heddle,  N  Papadovassilakis  and  Carol  Trager 

Physics  Department,  Royal  Holloway  &  Bedford  New  College, 
Egham,  Surrey  TO20  OEX,  U.K. 


We  have  examined  the  behaviour  of  a  class  of 
electrostat ic  lens  systems  which  exhibit  controllable 
magnification  over  a  wide  range  of  voltage  ratio.  The 
lens  svstens  can  be  considered  as  t\/o  lenses  a  distance 
d  apart  placed  centrally  bet  wen  two  conjugate  points  a 
di stance  2d  apart.  For  the  photon  optical  analogue  of 
thin  lenses  in  air  it  is  easy  to  show  that  the  focal 
lengths  must  satisfy 

tj/d  *  a-3f2/d)/(3-8f,/d)  “  (1) 

and  *hnt  the  transverse  magnification  can  be  expressed 
in  t.-ms  o:  one  focal  length  by 

>1  =  -0-d/f2)  =  -1  /(3-d/fj).  -  (2) 

The  lenses  we  have  studied  consist  of  two  3-element 
cylinder  lenses  with  the  central  element  in  cormon  thus 
fomir.'T  a  5-elenent  lens.  The  use  of  such  a  lens  as  an 
a  focal  or  telescopic  lens  was  described  several  years 
ngo^  and  it  has  been  used  in  a  number  of  laboratories 
both  in  electron  guns  and  as  the  output  lens  of  electron 
monochromators . 


FIGURE  1  The  focal  length  relation  of  equation  1,  The 
points  are  for  a  5-element  lens. 

It  has  the  probably  unique  property  of  a 
magnification  which  can  be  expressed  in  terms  of  the 
overall  voltage  ratio  as  M  =  -(V^/Vj)  2  and  which  does 
not  depend  on  details  of  the  lens  dimensions  or  the 
position  of  the  conjugate  points.  Figure  l  shows  that 
the  behaviour  of  this  lens  is  reasonably  well  described 
by  equation  1  for  the  special  case  of  -  1  which 

approximates  the  "thin  lenses  in  air"  condition. 


For  other  overall  voltage  ratios  it  is  convenient 
to  express  our  results  as  lines  of  constant  parameter  on 
axes  which  show  the  potentials  of  the  second  and  fourth 
electrodes  (the  "focusing"  electrodes  of  the  3-element 
lenses)  in  terms  of  the  potential  of  the  first  electrode. 


FIGURE  2  Lines  of  constant  M,  and  voltage  ratio  for 
the  5-element  lens  having  2d  =  9D 

Figure  2  shows  such  lines  of  constant  magnification 
M,  angular  magnification,  and  overall  voltage  ratio, 
V^/V] ,  for  a  lens  having  2d,  the  separation  of  the 
conjugate  points,  equal  to  9  times  the  lens  diameter. 
These  three  parameters  are  naturally  linked  by  the  Law  of 
Helmholtz  and  Lagrange,  but  it  is  clear  that  a  wide  range 
of  either  magnification  may  be  obtained  at  a  given  value 
of  V5/Vr 

The  data  of  fig. 2  were  all  obtained  with  the 
potential  of  the  central  electrode,  V^,  constrained  to  be 
such  that  fV^/Vj)  =  (V^/Vj)’5.  In  principle  it  should  be 
possible  to  adjust  a  further  lens  parameter  if  \y  is  not 
so  constrained  and  we  shall  show  measurements  of  the 
spherical  aberration  coefficients  of  these  and  similar 
lenses . 

We  have  made  further  measurements  on  a  similar, 
but  shorter,  lens  (2d  =  6D)  and  find  that  the  range  of 
magnifications  is  smaller,  but  it  may  be  the  case  that 
the  aberration  behaviour  is  better. 


xD.W.O. Heddle 


J . Phys . E.Sci . Instrum. 4,  981  (1971) 
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SECOND  ORDER  REDUCTION  OF  DOPPLER  BROADENING  OF  PROJECTILE  ELECTRON  SPECTRA 
IN  A  POSITION  SENSITIVE  30°  PARALLEL  PLATE  ANALYSER 


Joseph  K.  Swenson 

University  of  North  Carolina,  Chapel  Hill,  NC  27'>14 
and  Triangle  Universities  Nuclear  Laboratory,  Durham,  NC  27706 


In  order  to  study  correlated  and  uncorrelated 
electron  transfer  (e.g.  RTE  and  NTK  as  has  been  done  by 
Clark  et  al.^)  through  observation  of  the  Auger  decay 
channel,  an  electron  spectrometer  must  be  capable  of 
resolving  Auger  lines  which  arise  from  different  ionic 
charge  states  and  electronic  configurations.  These 
objectives  can  he  attained  by  means  of  a  position 
sensitive  mi crochannel  plate  detector  which  can  be 
remotely  positioned  in  the  focal  plane  of  a  parallel 
plate  electron  spectrometer.^ 

Through  re-analysls  of  the  focal  properties  of  a 
parallel  plate  analyser  (PPA),  taking  into  account  the 
angular  dependence  of  the  electron  energy  due  to  the 
kinematics  of  a  moving  source,  second  order  focusing  of 
projectile  electrons  can  he  achieved.^  For  a  given 
source  velocity  and  observation  angle,  kinematically 
shifted  electrons  are  focused,  as  a  function  of  electron 
energy,  along  a  curve  which  is  displaced  from  the  normal 
focal  line.  This  curve  can  generally  be  approximated  by 
a  straight  line  as  can  be  seen  in  fig.  1.  This  enables 

one  to  make  use  of  a  position  sensitive  electron 

2 

detector,  in  an  appropriately  designed  analyser. 


X  (units) 

Fig.  1  shows  the  computed  focal  curves,  which  have 
a  lab  energy  width  AE/E  =100%,  in  a  30°  PPA  for 
observation  angles  6  from  0°  to  b0°  where  the  center  of 
mass  electron  velocity  equals  the  Ion  velocity  at  the 
center  of  each  curve.  At  0°  the  focal  curve  coincides 
with  the  normal  focal  plane  derived  for  a  stationary 
source.  Second  order  focusing  occurs  at  the  center  of  0 
■  9.55°  curve.  As  the  9  Increases,  the  curve  moves 
further  from  the  analyser  and  becomes  more  curved. 


Figure  2  shows  the  computed  point  source  line  shape 
on  the  detector  line,  which  Is  tangent  to  the  focal 
curve  in  fig.  I,  where  0  =  9. ‘>5°,  and  the  angular 

acceptance  of  the  PPA  is  A<t>  =  ±3°.  Each  successive  plot 
shows  the  line  shape  at  the  center  of  the  detector.  As 
the  detector  Is  moved  from  its  normal  location  (for  a 
stationary  source,  R^  =  0)  to  the  location  where  second 
order  focusing  occurs  (Rf  =  l.lbb  in  units  of  plate 
separation)  a  net  reduction  in  bast?  width  of  14  and  an 
increase  in  Intensity  of  117  results. 

For  the  above  case  (Ait  a  ±3°),  the  has.*  width  of 
the  second  order  refocused  peak  about  60%  greater  than 
that  which  results  for  a  stationary  source.  For 
electrons  moving  at  or  greater  than  twice  the  ion  velo¬ 
city,  the  base  width  of  tin-  second  or  ier  focused  line 
shape  is  IU%  -  20%  greater  than  that  for  a  stationary 
source.  This  is  a  significant  improvement  in 

performance  as  compared  to  when  only  first  order 
refocusing^  is  achieved.  Therefore  one  can  almost 
entirely  eliminate  kinematic  line  broadening  and  thus 
acquire  high  resolution  pr» fertile  electron  spectra  with 
high  efficiency,  using  this  technique. 

This  work  is  supported  hr  the  Chemical  Sciences 
Division,  U.S.  D.O.K. 
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CHARACTERISTICS  OF  A  GaAs  POLARIZED  ELECTRON  SOURCE 


F.C.  Tang,*  M.  Eminyan,*  M.S.  Lubell,*  J.  Slevin,t  and  A.  Vasilakls* 
*Department  of  Physics,  City  College  of  CUNY,  New  York,  NY  IOO31,  USA 


+Universite  Paris 
tDepartment  of  Physics,  University 

In  conjunction  with  an  experiment  treating  the  spin 
dependence  in  electron-hydrogen  scattering  we  have  been 
working  with  a  GaAs  photoemis3ion  polarized  electron 
source.  Like  most  other  sources,  our  source  utilizes  a 
<100>  crystal  0.325  mm  thick  that  is  cleaved  outside  the 
vacuum  system  to  a  dimension  of  0.5  cm  x  i.O  cm  and  is 
etched  chemically  just  prior  to  insertion  Into  its  ultra- 
high  vacuum  chamber.  Following  the  Bonn  method,  our 
etch  consists  of  a  10  minute  bath  in  a  solution  of  98  * 
30*  H202  and  distilled  water  in  a  ratio  of  8:1:1. 
Upon  removal  from  the  bath,  we  place  our  p-type  Zn  doped 
crystal  in  a  sapphire  mount  and  rapidly  insert  It  in  the 
vacuum  system.  Typically,  the  etched  crystal  is  under 
vacuum  at  <5x10"*  Torr  in  less  than  30  minutes. 

Once  we  have  ensured  the  vacuum  integrity  of  the 
electron  source  we  begin  a  250°C  bakeout  and  maintain  It 
for  several  days  during  which  we  continuously  outgas  all 
high-temperature  components  such  as  filaments  and  Cs 
dispensers.  With  the  use  of  an  ion  pump  and  a  room- 
temperature  Ti  sublimator  we  achieve  base  pressures  of 
1-2  x  10~10  Torr  after  the  bakeout  has  been  completed. 
Prior  to  activation  with  Cs  and  02  we  heat  the  GaAs  to  - 
600°C  for  several  minutes  by  direct  passage  of  current 
through  the  wafer  Itself.  Then  we  apply  Cs  and  02 
layers  using  a  Cs  dispenser  (SAES  Getters)  and  research 
grade  02  (99.99*  purity)  controlled  by  LN2  line-cooling 
and  a  Granville/Phillips  variable  leak  valve.  The  "yo¬ 
yo”  method,  in  which  alternate  layers  of  Cs  and  02  are 
applied  sequentially,  appears  to  provide  longer 
lifetimes. 

Initially  we  use  a  "white"  light  lamp  for 
illumination  of  the  crystal,  as  3hown  in  Fig.  1.  As  the 
photocurrent  increases  we  replace  the  lamp  first  with  a 
HeNe  laser  for  ease  of  monitoring  and  finally  with  a 
GaAlAs  IR  laser  for  polarized  electron  emission.  During 
the  course  of  our  work  we  have  observed  quantum  yields 
ranging  from  1*  to  8*,  which  is  consistent  with 
measurements  made  by  many  other  groups. 

The  major  purpose  of  our  report  is  to  call 
attention  to  three  observations  we  made  which  have  not 
been  reported  by  other  groups.  First,  with  low  level 
cesiation  employed  during  operation,  lifetime  (e-folding 
>>2^0  h)  and  stability  appear  to  be  enhanced  by  having  02 
rather  than  Cs  as  the  final  layer  applied  during 
activation.  Second,  with  thi3  activation  technique  and 
operation  procedure,  we  obtained  satisfactory 
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performance  when  the  source  chamber  pressure  was 


time  <  km  ) 

FIGURE  1  Typical  Crystal  Activation, 
allowed  to  rise  to  5x1 0"7  Torr  from  its  base  pressure  of 
2x1 O"10  Torr  through  a  regulated  reduction  of  pumping 
speed.  Finally,  and  most  significantly,  we  obtained 
satisfactory  photoemission  even  when  the  base  pressure 
in  our  system  started  at  3x10"’  Torr  after  pumpdown  from 
atmosphere.  This  behavior  is  illustrated  in  Fig.  2. 

Research  supported  by  U.S.  NSF,  U.K.  SERC,  and  NATO. 
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FIGURE  2  High  Pressure  Photoemission  Behavior. 


ANTI-COMPTON  X-RAY  SPECTROMETER 
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Several  applications  require  a  dispersive  analysis 
of  the  X-rays  energies  in  presence  of  gamma  rays.  The 
analysis  of  trace  elements  in  radioactive  samples  is  one 

example.  Recently  a  large  attention  has  been  paid  to  the 

I  2 

study  of  prompt  X-rays  emitted  in  nuclear  reactions  *  . 

In  this  situation  several  >  rays  can  be  emitted  simulta¬ 
neously  with  the  X-rays.  The  resulting  effect  of  the 
.  rays  on  the  X-ray  spectrum  is  the  production  of  a  con¬ 
tinuous  background  which  severely  limits  the  sensitivity 
of  the  X-ray  detection.  This  background  is  mainly  pro¬ 
duced  by  the  Compton  interaction  of  the  v-rays  with  the 
electrons  in  the  active  volume  of  the  detector.  We  have 
Jew  lopped  an  anti-compton  X-rays  spectrometer  based  on 
the  following  principles. 

A  oompton  interaction  in  the  detector  volume  pro¬ 
duce  a  free  electron  and  a  photon  at  an  angle  “  with  res¬ 
pect  to  the  primary  photon.  The  electrons  stopped  in  the 
detector  volume  have  a  continuous  distribution  energy.  In 
X-rav  analysis  the  relevant  X-ray  energies  are  ranging 
between  a  few  keV  to  a  hundred  keV.  The  kinematic  of  the 
compton  eftect  indicates  that  electron  energies  in  this 
range  ate  related  to  small  scattering  angit  .<•’  the  pho¬ 
ton.  More  energetic  compton  electrons  may  also  induce  a 
background  in  this  range  if  they  are  not  fully  stopped 
within  the  active  volume  of  the  detector.  This  well 
known  edge  effect  is  enhanced  in  the  case  of  v-rny  inter¬ 
action.  - - —  - - - - — - - - - , 

Detector  Hot  Window  (A1 ) 


Figure  I 
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The  schematic  diagram  of  the  spectrometer  is  shown 
in  Fig.  1.  Four  independent  detectors  participate  to  the 


detector;  D2 »  a  5"  x  5"  Nal  scintillator,  whose  the  front¬ 
side  is  located  4  cm  from  the  backside  of  Dj  :  D-^,  a 

Si(Li)  annular  diode  surrounding  D.,  which  acts  as  an 

3 

active  guard  ring  detector  responding  to  the  escaping 

electrons  from  D.  ;  and  D,  ,  a  thin  surface  barrier  detec- 
1  u 

tor  located  2  mm  from  the  rear  side  of  Dj,  which  responds 
to  the  electrons  escaping  from  the  back  side  of  D|.  A 
coincident  signal,  given  by  a  fast  coincidence  circuit, 
between  Dj  and  D2  or  or  ^4  means  a  spurious  event  in 


the  X-ray  energy  range  of  the  spectrum,  due  to  a  >-ray 
compton  interaction  or  an  incomplete  charge  collection 
in  Dj.  Such  a  signal  is  prevent  to  proceed  through  the 
linear  gate  of  the  ADC  wording  in  the  anti-coincidence 


The  performances  of  the  spectrometer  have  been  mea¬ 
sured  with  radioactive  v-ray  sources  1  ^Cd,  ~  ^N'a ,  *^Co. 
The  spectra  in  Fig.  2  show  the  result  obtained  with  a 
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‘■“Na  source  mounted  at  I  cm  from  the  Be  window.  A  ; T,d 
source  deposited  on  a  thin  hacking  was  placed  at  1  mm. 

An  aluminium  absorber,  KG  ;;m  thick,  was  fixed  against 
the  Be  window.  The  counting  rate  in  the  Dj  detector  was 
equal  to  700  counts  s  The  spectrum  A  was  recorded  in 
the  direct  mode.  The  spectrum  B  was  taken  for  the  same 
time  than  the  spectrum  A  in  the  anti-coincidence  mode. 

The  comparison  between  the  spectra  shows  directly 
the  effect  of  the  system  on  the  background  reduction.  The 
flat  background  induced  by  the  ,-ray  source  is  reduced 
by  a  f..  tor  of  3  almost  independent  of  the  energy.  On  the 

contrary  the  net  intensities  of  the  K  and  K  lines  or  Ag 
109  ‘ 

emitted  by  the  Cd  source  are  only  reduced  by  3  ",  This 
last  number  is  a  direct  measurement  >0’  the  spot  ific  dead 
time  brought  hv  the  ant i -vo i nc i donee  s\ster. 

In  this  experimental  situation  the  anti-  >'m:t  n  svs- 
ten  brought  a  net  improvement  of  the  sirnul  to  h.e.  k- 
ground  ratio  equal  to  300  " .  ,\  more  detailed  untie-  is  ,<• 
the  performances  will  he  given  in  a  tortlnomine  yiM  na¬ 
tion.  The  main  part  of  the  remaining  bat  kgr, und  is  due 
to  multiple  compton  scattering  taking  pl.t*  i  n  1 1  < 
rial  around  the  detector.  In  print  iple  in<  reusing  the 
volume  of  D.,  will  reduce  it,  hut  unf  or  tunat  1  y  v.  i  1  1  u s< 
increase  considerably  the  dead  tire  •>:  tin-  detect,  r  in 
situation  where  a  large  .-ray  multiplicity  is  t  vp«.  .*»,!. 
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A  NEW  TECHNIQUE  OF  MEASURING  ANISOTROPY  FACTORS  BY  MEANS  OF  PERFECTRON 
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A  new  technique  for  the  photo-fragment  spectroscopy 
with  the  use  of  a  new  crossed  -  beam  apparatus,  so-called 
Perfectron1',  will  be  presented.  Owing  to  the  conformal 
mapping  property  as  well  as  the  perfect  velocity  focusing 
property2)of  the  Perfectron,  we  can  obtain  an  anisotropy 
factor  of  the  photo-fragments  without  measuring  fragment 
veloci ty  and  parent  molecular  beam  velocity  distributions 
which  are  essentially  required  for  the  determination  of 
an  angular  distribution  of  fragments  in  conventional  photo- 
fragment  spectroscopies3’.  This  specific  feature  comes 
from  the  fact  that  the  Jacobian  [J  =  dui^,,  /  duijab]  between 
the  laboratory  frame  and  the  center-of-mass  frame  can  be 
made  as  unity  ( J  =  1 )  in  the  Perfectron  experiment. 

The  velocity  vector  diagram  is  shown  in  Fig.l,  where 
c  is  the  parent  molecular  beam  velocity,  u  is  the  recoil 
velocity  vector  of  the  fragment,  and  v  is  the  resultant 
laboratory  velocity  vector.  ?  denotes  the  electric  vector 
of  polarized  light,  0  is  an  angle  between  electric  vector 
and  the  recoil  direction,  6clr  is  the  center-of-mass  angle , 


Fig.l:  Velocity  vector  diagram  of  the  photo- 
di ssoci ati on. 


"lat  ls  the  laboratory  angle  with  respect  to  the  parent 
beam  axis,  respectively.  The  angular  distribution  of  the 
fragment  in  the  laboratory  system  is  related  to  that  in 
the  center-of-mass  system  as  given  by 


■  J  f(8cm)  • 

(1) 

and  J  is 

calculated  as 

J  =  ' 

1  +  2 !  R  cos  6lab  +  R2(l  -  7  sin2  0lab  ) 

(2) 

wi  th  R  = 

c/u.  In  the  perpendicular  detection 

(9lab=,,/2> 

as  is  usually  done  in  conventional  photo-fragment  spectro¬ 


scopies,  the  Jacobian  becomes  cos  a,  while  in  the  Perfec¬ 
tron  the  detection  is  performed  effectively  from  the  beam 
axis  (a=0)  as  shown  in  Fig. 2,  and  consequently  J=I.  From 
Eq.(l),  therefore,  both  angular  distributions  coincide  , 
and  are  given  in  the  well-known  formula  as 

f(6iab)  -ffecJ  *A[1  +6P2(COS0)],  (3) 
where  B  is  the  anisotropy  factor. 


ELECTRON  SOIBCE  f  DETECTOR 


Fig. 3:  Cut-away  view  of  the  electrode  of  Perfectron. 
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PRODUCTION  OF  A  FAST  BEAM  OF  HYDROGEN  ATOMS  IN  THE  3s  STATE 

W.  Claeys,  A.  Cornet,  V.  Lorent  and  D.  Fussen 

Universite  Cathoiique  de  Louvain,  Institut  de  Physique,  Chemin  du  cyclotron,  2 
B  1348  Louvain-la-Neuve ,  BELGIUM 


In  an  earlier  work  (1)  we  have  described  a  method 
to  produce  a  fast  intense  beam  of  H(3p)  atoms  by  laser 
excitation  of  metastable  hvdrogen.  The  very  short  life¬ 
time  of  the  3p  state  (5.4  nsec)  limits  severely  the  domain 
of  applicability  of  the  method.  The  3s  state  has  a  30 
times  larger  lifetime  (160  nsec)  and  is  therefore  a  better 
candidate  for  experimental  work.  Direct  2s-3s  optical 
transitions  are  not  allowed,  but  if  the  atoms  are  placed 
in  an  alectric  field,  dipole  transitions  between  Stark 
states  are  allowed. 


Fig.  1 

We  produce  H(3s)  atoms  in  a  two  step  process.  First  H(2s) 
atoms  are  entered  ad iabat ical ly  in  an  electric  field 
region  where  they  are  crossed  by  an  intense  frequency 
adjustable  laser  light  (see  figure  1).  Laser  excitation 
will  induce  transitions  between  Stark  states.  For  a  given 
field  strength,  all  n*3  Stark  states  can  be  selectively 
populated  by  tuning  the  laser  frequency;  in  particular, 
transitions  to  the  Stark  state  which  correlates  at  zero 
field  to  the  3s  state  can  be  selected.  Afterwards,  the 
excited  atoms  leave  the  electric  field  region  and  evolve 
ad iabat ical ly  towards  non  perturbed  atomic  states. 

The  initial  metastable  hydrogen  beam  is  obtained 
by  charge  exchange  of  protons  on  a  gaseous  Cs  target. 

The  excitation  light  is  produced  in  a  singlemode  ring 
dye  laser.  In  order,  for  such  an  hydrogen  beam,  to  be  of 
practical  use  in  the  field  of  collision  physics,  one  has 
to  assess  the  fraction  of  excited  atoms  in  the  neutral 
beam.  This  is  obtained  in  determining  the  excitation 
efficiency  absolutely  by  measuring  the  relative  change  in 
metastable  content  of  the  beam  due  to  laser  excitation. 
This  is  done  at  a  location  distant  enough  from  the  laser 
atom  interaction  point  for  all  n“3  atoms  to  have  decayed 
radiatively.  Lyman  a  light  is  detected  from  the  induced 
emission  of  2s  atoms  passed  in  a  strong  electric  field. 

In  the  absence  of  laser  excitation, N|  the  Lyman  a  count 


rate  is  proportional  to  the  2s  beam  intensity  N(2s)  : 

Nj  -  k  N(2s) 

With  the  laser  on,  the  excitation  leading  to  the  formation 
of  3s  atoms,  depopulates  the  metastable  beam 

N2  *  k  N(2s)(l-B)  where  B  is  the  (2s-3s)  excitation 
efficiency. 

We  have  computed  the  n«2  and  3  energy  levels  and 
Stark  states  as  a  function  of  the  static  field  strengths 
and  derived  the  dipole  moments;  our  experimental  observed 
values  are  in  good  agreement.  These  were  obtained  from 
2s  depopulation  measurements. 

Figure  2  shows  the  3s  hydrogen  beam  fraction  after 
laser  excitation  for  different  field  strengths  at  the 
laser-atom  interaction  point.  The  results  were  obtained 
with  a  3  keV  beam  and  a  laser  power  of  400  mW,  the  electric 
field  is  obtained  between  two  plates  2mm  apart.  The  abso¬ 
lute  accuracy  is  estimated  0.02.  For  low  values  of  field 
strengths  (F  <  300  V/cra)  the  Stark  separation  between  the 
n=3  levels  is  not  sufficient  for  our  spectral  resolution 
(^  l«-hz)  to  allow  absolute  efficiency  measurements.  To 
extend  the  range  of  our  measurements,  we  have  placed  a 
second  Lyman  a  detector  15cm  beyond  the  laser-atom  inter¬ 
action  point  and  observed  spontaneous  decay  light  from  the 
3s  atoms.  This  detector  has  shown  that  only  one  n*3  Stark 
state  contributes  to  the  formation  of  H(3s)  atoms. 


Reference  ( 1 ) 

A.  Cornet  et  al.. 
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ELECTRONIC,  IONIC  AND  ATOMIC  DENSITIES  AND  TEMPERATURES 
IN  h'  MULTIPOLE  SOURCES 

M.  P.  S.  Nightingale,  A.  J.  T.  Holmes  and  T.  S.  Green 
UKAEA,  Culham  Laboratory,  Abingdon,  Oxon.  0X14  3DB,  England 


Spectroscopic,  probe  and  beam  measurements  have 
been  used  to  investigate  the  underlying  physics  of  H 
production  in  volume  multipole  sources  for  possible 
fusion  applications.  Measured  electronic,  ionic  and 
atomic  populations  and  energies  will  be  reported  and 
discussed  in  terms  of  the  dominant  collision  processes. 
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DIFFERENTIAL  CROSS-SECIION  FOR  SINGLE  AND  DOUBLE  CAPTURE 
IN  Ne  -He  COLLISIONS 

P.  Roncin+,  H.  Laurent*,  J.  Pomier*,  D.  Hitz**,  S.  Dousson** 
and  M.  Barat* 

++CENG,  Agrippa-CEA-CHRS,  85X,  F  38041  GRENOBLE  Cedex 
*LCAM,  B£t.  351,  University  Paris-Sud,  F  91405  ORSAY  Cedex 
*IPN,  BSt.  100,  University  Paris-Sud,  F  91405  ORSAY  Cedex 


A  parallel  plate  electrostatic  analyzer,  associated 
with  a  two-dimentional  position  sensitive  detector  has 
been  built  allowing  a  s'rultaneous  determination  of  the 
energy  gain  and  of  the  scattering  angle  '  .  This  device 
was  used  to  study,  by  "translational  spectroscopy"  the 
various  electron-capture  processes  as  a  function  of  the 
collision  energy.  Experiments  were  performed  using  an  ECR 
ion  source  available  at  the  AGRIPPA  facilities  in  Grenoble. 

As  an  example,  we  p-esent  here  results  obtained  for 
electron  capture  in  Ne?*-He  collisions.  Figure  1  shows 
that  the  spectra  are  dominated  (peak  I)  by  one  electron 
capture  into  the  iie^+  (n=4)  +  He*  channel  as  already  been 
observed  by  several  authors^*3.  However  two  weaker  peaks 
show  up  that  were  attributed3  to  two  electron  capture  into 
autoionizing  states  (DCA)  : 
peak  II  Ne&+(n=3,  n'=4)  +  He++ 

peak  III  Ne5*(n=4,  n'=4)  +  He++ 

It  is  readily  seen  that  the  angular  behavious  is  very 
different  for  the  3  processes.  Fig.  2  shows  the  relative 
probability  at  a  collision  energy  of  E=10.5  keV.  In 


particular  ,  it  is  seen  that  the  DAC  processes  are  charac¬ 
terized  by  a  much  larger  scattering  angle.  Data  obtained 
at  E=7.5  keV  is  similar  and  perfectly  scale  in  the  t=EC> 
rsriyccd  coord 

A  scheme  of  the  potentiel  curves  is  shown  in  the 
insert  of  fig.  2.  The  present  angular  behaviour  strongly 
suggests  that  double  capture  processes  occur  via  a  two 
step  mechanism  (one  electron  is  captured  at  the  A  crossing 
the  second  electron  at  the  B  or  B'  crossing).  This  is  at 
variance  with  a  mechanism  involving  a  simultaneous  capt/re 
(via  electron  correlation)  at  the  C  or  C'  crossing.  Actu¬ 
ally  the  large  scattering  angle  is  associated  with  the 
path  along  the  repulsive  AC  and  AC'  curve  on  the  way  in. 
Furthermore  one  see  that  inner  the  crossing  (C  or  C'), 
larger  the  scattering  angle. 
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FORMATION  OF  LOW  LYING  AUTOIONIZATION  STATES  IN  Li',  C  and  C'  PROJECTILE 
IONS  STUDIED  BY  ZERO-DEGREE  ELECTRON  SPECTROSCOPY 

R.  Bruch,*  D.  Schneider,*  and  N.  Stolterfoht,++ 

♦Department  of  Physics,  University  of  Nevada  Reno,  Reno,  NV.  89557  USA 
♦Department  of  Physics,  University  of  Toledo,  Toledo,  OH  43606  USA 
++Hahn-Meitner-Institut  f(lr  Kernforschung  Berlin,  D-100  Berlin  39,  West  Germany 


Low  lying  resonances  and  bound  states  in  H",  He", 
Li',  Be",  B'  and  C"  may  be  formed  by  electron  capture 
and  excitation  in  ion-atom  and  ion-foil  collision 
processes.  Such  negative  ions  are  of  fundamental  im¬ 
portance  in  fusion  research  and  reflect  strong 
electron-electron  correlation  effects,  which  require 
accurate  many-body  theoretical  calculations.' 

This  contribution  is  concerned  with  high  resolu¬ 
tion  electron  spectroscopy  of  low  energy  electrons 
(*■ 2  eV)  following  the  decay  of  low-lying  autoionizirig 
states  formed  in  gas  (He,  CH4,  Ne,  Ar)  or  C-foil 
collisions  with  Li-  and  C-ions  (100-500  keV).  Ir  this 
study  the  zero-degree  Auger  spectroscopy  method"  has 
been  used  for  the  following  reasons:  (i)  High  energy 
resolution  of  the  order  of  10"3  is  maintained  due  to 
drastic  reduction  of  kinematic  line  broadening  effects, 
(ii)  Transformation  from  the  laboratory  to  the  source 
particle  frame  allows  to  accurately  measure  and  identi¬ 
fy  autoionization  transitions  with  energies  even 
below  one  eV.  Electrons  ejected  from  the  interaction 
region  are  analyzed  by  a  tandem-type  electrostatic 

a 

electron  spectrometer.  Fig.  1  and  2  display  char¬ 
acteristic  electron  spectra  from  foil  and  gas  excited 
Li  and  C  ions.  The  inserted  spectra  indicate  discrete 
peaks  in  the  vicinity  of  the  high  energy  cusp  tails 
after  background  subtraction  and  transformation  into 
the  center  of  mass  system.  In  the  Li  spectrum  three 
sharp  lines  occur  below  1  eV  which  most  likely  stem 
from  autoionizing  transitions  involving  Li  (Is  2s2p) 
1,3P°  and  (1s22p")'d  and  's  initial  states.  We  also 
note  that  the  structures  betweer  one  and  two  eV  may 

arise  from  doubly  excited  states  in  Li'  such  as 
a 

Is  ni.n  .  with  n  and  n'>3.  Principally  also  high 
Rydberg  states  associated  with  doubly  excited  levels 
in  Li*  (n.’.n'."),  Li  ( 1  sn :  n ' .. 1 )  and  triply  excited 
Li  (ncn1 • "n"'”)  states  may  contribute  to  the  observed 
spectrum. 3 

A  similar  tentative  interpretation  is  assumed  for 

the  carbon  autoionization  structures.  A  very  intense 

?  ? 

line  centered  at  0.25  eV  may  result  from  C  Is  2s 
n .  n '  .  '  (n,n’  -2)  or  C"  1 s22s32pn i n ' ; ' (n ,n ’ >2)  initial 
configurations. 


Fig.  1  Lithium  autoionization  spectrum  for 
300  keV  Li+  incident  on  a  5  ,.g/cm‘ 
carbon  foil. 


Fig.  2  Carbon  autoionization  spectrum  for 
400  keV  C*  on  He. 
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IONIZATION-EXCITATION  AND  DOUBLE  EXCITATION  OF  HELIUM 
BY  H+,  C4+,  C3+  AND  C+  AT  HIGH  VELOCITIES 

R.  Bruch*,  E.  TrSbert*,  S.  FU1 ling*.  P.  H.  Heckmann*  and  B.  Raith+ 

+Institut  f(lr  Experimental phys ik  III,  Ruhr  UniversitSt  Bochum,  4630  Bochum,  West  Germany 
‘Department  of  Physics,  University  of  Nevada,  Reno,  Reno,  NV.  89557  USA 


At  sufficiently  high  velocities  the  dominant 
mechanism  for  multiple  excitation  and  ionization  of 
atoms  by  highly  charged  ions  is  closely  related  to 
the  photoionization  process.1  On  the  other  hand  at 
intermediate  velocities  multiple  ionization-excitation 

may  be  described  in  terms  of  the  independent  electron 

2 

approximation.  Due  to  electron-electron  correlation 
during  the  collision  this  independent  electron  model 
may  break  down  for  specific  collision  systems.  There¬ 
fore  we  have  investigated  ionization-excitation  and 

double  excitation  of  helium  by  1  to  6  MeV  H+,  C+,  C3* 
4+ 

and  C  impact  on  He.  The  basic  experimental  arrange¬ 
ment  is  similar  to  that  used  in  our  previous  work  on 
electron  capture.  High  resolution  EUV  spectra  from 
the  recoiling  target  ions  are  analyzed  at  right  angles 
with  an  intensity  calibrated  2.2  m  grazing  incidence 
monochromator.  A  detailed  spectroscopic  line  identi¬ 
fication  reveals  new  information  on  multiple  processes 
such  as  ionization-excitation  and  double  excitation 
of  the  target,  A  typical  spectrum  showing  the  Hell 
(np  Is)  series  for  1  MeV  H+  on  He  is  plotted  in  Fig. 

1.  It  is  interesting  to  note  that  mainly  the  first 

three  rp(n  <  4)  states  in  Hell  are  formed  by  H+  impact. 
~  4+ 

In  comparison  the  C  +  He  data  clearly  indicate  that 
also  higher  Rydberg  levels  up  to  n  =  '2  are  efficient¬ 
ly  populated.  Some  relative  cross  sections  for  2-5 
MeV  C4+  -  He  are  given  in  Fig.  2.  We  have  also  in¬ 
vestigated  the  production  of  doubly  excited  (n.,n'  ) 
states.  In  particular  due  to  strong  collision  induced 
electric  fields  the  formation  of  exotic  new  He** 

4 

levels  has  been  observed  for  the  first  time.  More¬ 
over  we  have  studied  the  role  of  projectile  • on i 1 1 or  - 
excitation.  A  striking  result  is  that  for  C*  *  He 

the  observed  EUV  spectrum  is  completely  dominated  by 

2+  2 

transitions  associated  with  C  (Is  2^.’')  states. 


MvELEKm  /  m 


Fig.  1.  EUV  spectrum  corresponding  to  He  np  +  Is 
(n<4)  transitions  observed  with  a  2.2 
grazing  incidence  spectrometer. 


C***He  Hen  up 


Fig.  2.  Relative  cross  sections  for  ionization- 
excitation  of  helium  by  2-5  MeV  C4+  ■»  He 
impact. 
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AN  EFFECTIVE  OPERATOR  FOR  DIELECTRONIC  RECOMBINATION 
Peter  Winkler 

Department  of  Physics,  University  of  Nevada,  Reno,  Nevada  89557  USA 


Viewing  the  dielectronic  recombination  as  an  in¬ 
verse  photoionization  process  of  an  atom  or  molecule 
in  a  Rydberg  state,  a  unified  many-body  theory  of 
radiative  and  dielectronic  recombination  has  been  pro¬ 
posed  which  includes  a  treatment  of  the  competing  auto¬ 
ionization  decay  channel  on  the  same  footing. 

Propagator  methods  have  become  quite  a  standard 

2  3 

tool  in  the  study  of  photoelectron  spectra.  ’  Their 
use  in  connection  with  electron  scattering  resonances 
has  been  proposed  and  discussed  in  a  previous  publi- 

4 

cation.  Autoionizing  states  may  be  interpreted  as 
resonances  in  the  scattering  cross  section  of  electrons 
off  positive  ions.  The  cross  section  for  the  elemen¬ 
tary  recombination  process  is  proportional  to  the 
square  of  the  T  matrir  element  connecting  the  initial 
state  (ion  +  free  electron)  with  the  final  state 
(Rydberg  atom  or  molecule).  The  following  representa- 

3 

tion  of  the  T  matrix  element  is  useful: 

Tpk=i/d3rfp^)^k(Jl)+/d3rd3r‘d2'-i^p(ll) 
with  the  first  term  on  the  right  describing  radiative 
and  the  second  dielectronic  recombination.  The  term 
in  square  bracket  is  the  effective  dipole  operator 
containing  the  response  of  the  decaying  system.  A 
particular  diagrammatic  representation  of  this  term 
is  given  in  Fig.  (b).  The  functions  f  are  the  self 
consistent  solutions  of  Dyson's  non-relativistic 
amplitude  equation 

{Em(«>-[^2+U];fm(r)-;d3r,E(r,r'-,c)yr')  =  0 

with  U  being  an  appropriately  chosen  one-electron 
potential  and  Z  the  self-energy  operator.  A  particu¬ 
lar  diagrammatic  representation  of  the  self-energy 
is  depicted  in  Fig.  (a).  The  diagram  of  Fig.  (b)  is 
obtained  by  replacing  the  last  interaction  matrix 
element  by  an  elementary  dipole  matrix  element.  All 
essential  many-body  effects  are  contained  in  the 
matrix  The  simplest  decaying  intermediate  states 
are  of  the  2  particle  1  hole  type.  It  is  well  known 
from  other  approaches  (e.g.  hyperspherical  coordi¬ 
nates)  that  such  states  are  best  described  by  the 
introduction  of  collective  coordinates.  The  cor¬ 
responding  tool  in  propagator  theory  is  the  summation 
of  certain  diagrams  in  infinite  order.  It  is  shown 
that  several  such  suitmations  are  required  in  the 
present  case  in  order  to  assure  the  correct  conver¬ 
gence  of  various  resonance  series. 


Fig.  (a) 


ig.  (b) 
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Na  ION  PRODUCTION  IN  A  MICROWAVE  DISCHARGE 
M.J.  Hogan  and  P.P.  Ong 

Physics  Department,  National  Universtiy  of  Singapore,  Kent  Ridge,  Singapore  0511 

In  recent  years  microwave  discharges  have  often  10^* 

been  used  as  sources  for  gaseous  ions.  Such  sources 

have  a  number  of  attractive  features^  of  which  an  4 

^  10  “  o 

important  one  is  simplicity  of  construction.  We  ££ 

(A 

describe  here  the  use  of  a  microwave  discharge  for  the  ^  d 

♦  ^  in  ■ 

production  of  non-gaseous  ions,  specifically  Na  .  2  1  0 

The  ion  source  which  was  used  is  shown  in  Figure  *- 

1.  It  consists  of  a  quartz  tube  closed  at  one  end  with  £ 

^  A 

a  molybdenum  disk.  The  ions  produced  exit  through  a  3 

cluster  of  seven  0.67  mm  diameter  holes  in  the  disk.  o  ] 

-  10'  . 

The  quartz  tube  is  surrounded  by  a  foreshortened  1/4 

2 

wave  coaxial  microwave  cavity  operating  at  2.45  GHz. 

Na*  ions  were  produced  by  all  three  substances  ^  *  '  1 

.  .  .  .  0  20  40 

studied;  i.e.  sodium  iodide  in  argon,  sodium  in  argon 

INCIDENT  POWER 

and  pure  sodium  vapor.  The  ions  were  sampled  through  + 

.  _  , .  .  .  c.  .  c  ,  c  FIGURE  2  Na  ion  curren 

a  0.8  mm  diameter  exit  orifice  at  the  far  end  of  a 

(□-  0.016  mbar  tO*  0.041  m 

drift  tube.  The  relative  and  absolute  numbers  of  the 

sampled  ions  were  measured  with  a  quadrupole  mass  Higher  levels  of  incident  power  als 

spectrometer.  By  pumping  through  a  bypass  valve  the  the  rate  of  Na  ion  production.  Figui 

drift  tube  pressure  was  kept  low  enough  to  ensure  that  ithmic  plot  of  the  number  of  sampled  l 

the  ions  had  a  very  low  possibility  of  collision  before  function  of  incident  power  for  three  c 

being  detected.  pressures  in  the  case  of  Na  in  Ar.  Fc 

Temperature  was  a  critical  parameter  in  the  produc-  0.016  mbar  and  60  W,  a  total  current  n 

tion  of  Na*  ions  since  the  vapor  pressure  of  sodium  mately  5^A  was  recorded  by  an  electrot 

increases  very  rapidly  with  temperature.  Elevated  into  the  drift  tube.  Similar  graphs  \ 

temperatures  were  achieved  by  reducing  the  cooling  air  Nal  in  Ar ,  but  with  somewhat  lower  ior 

flow  on  the  quartz  tube  and/or  increasing  the  microwave  both  in  absolute  and  relative  terms. 


In  the  cases  of  Nal  in  Ar  and  Na  in  Ar,  the  rate 
of  production  of  Na*  ions  was  strongly  dependent  on  the 
argon  pressure  with  larger  numbers  at  lower  pressures. 
The  amount  of  Na*  ions  also  increased  relative  to  the 
total  ion  production  as  the  pressure  decreased. 


MICROWAVE  O 

CAVITY  - >  ^  ' 

\  ]j/y|  MOLYBDENUM 

[jJ  /\  DISK 

■  ,  -  -Jy  A\^ 


i  SODIUM -4^ 


STAINLESS - 5 

STEEL  FLANGE 


INCIDENT  POWER  (W) 

FIGURE  2  Na*  ion  current  for  Na  in  Ar 
(□«  0.016  mbartO*  0.041  mbar, A*  0.065mbar) 

Higher  levels  of  incident  power  also  greatly  increased 
the  rate  of  Na*  ion  production.  Figure  2  shows  a  logar¬ 
ithmic  plot  of  the  number  of  sampled  Na  ions  as  a 
function  of  incident  power  for  three  different  argon 
pressures  in  the  case  of  Na  in  Ar.  For  the  point  at 
0.016  mbar  and  60  W,  a  total  current  measuring  approxi¬ 
mately  5yA  was  recorded  by  an  electrometer  to  be  flowing 
into  the  drift  tube.  Similar  graphs  were  obtained  for 
Nal  in  Ar,  but  with  somewhat  lower  ion  number  counts 
both  in  absolute  and  relative  terms. 

After  a  Na  in  Ar  discharge  had  been  running  for  some 
time  at  60  W,  it  was  possible  to  cut  off  the  argon  supply 
and  still  maintain  a  discharge  in  Che  sodium  vapor  alone. 
The  sampled  rate  was  in  excess  of  2  x  10  ions/sec  and  a 
mass  spectrum  showed  the  ions  produced  to  be  more  than 
95Z  Na*  ions.  However,  such  a  discharge  was  only  stable 
for  long  periods  of  time  when  the  sodium  had  been  newly 
placed  into  the  quartz  tube.  After  the  source  had  been 
running  for  many  hours,  a  pure  sodium  discharge  could  not 
be  maintained  presumably  due  to  depletion  of  the  sodium 
in  the  tube.  More  details  of  the  operating  conditions 
will  be  presented. 
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FIGURE  1  Microwave  Ion  Source 


v'.-.-V; 
V  v  v 


bp^ji 


s' 


H0  '1 


V 


VELOCITY  DISTRIBUTIONS  OF  NE  AND  AR  IN  THEIR  PARENT  GASES 
P.  P.  Ong  and  M.  J.  Hogan 

Physics  Department,  National  University  of  Singapore,  Kent  Ridge,  Singapore  0511 


Although  knowledge  of  velocity  distributions  of  ions 
drifting  in  gases  under  the  influence  of  an  electric 
field  is  necessary  for  unfolding  cross  sections  from  data 
on  ion-neutral  reaction  rates,  there  has  been  to  date  few 
such  measurements  made.  We  report  here  the  velocity 
distributions  of  Ne+  and  Ar+  ions  drifting  in  their 
respective  parent  gases.  Data  was  obtained  for  neon  from 
60  to  220  Td  and  for  argon  from  80  to  320  Td. 

A  drift  tube  mass  spectrometer  was  used  for  this 
work.*  Ions  were  produced  in  a  microwave  discharge  and 
then  passed  into  a  drift  tube  where  a  uniform  electric 
field  and  collisions  with  the  buffer  gas  caused  them  to 
attain  a  non-Maxwe Ilian  velocity  distribution.  The  ions 
were  sampled  through  a  small  exit  orifice  which  led  to  a 
specially  disigned  ion  optics  system  containing  a 
retarding  potential  grid.  Ions  surviving  the  applied 
retarding  potential  were  analyzed  by  a  quadrupole  mass 
spectrometer  of  wide  acceptance  angle  and  detected  by 
single  particle  counting  technique.  The  output  was 
recorded  on  a  multichannel  analyzer  which  was  triggered 
by  a  pulse  that  coincided  with  the  start  of  a  ramp 
voltage  applied  to  the  grid.  The  resulting  data  was 
smoothed  by  Fourier  analysis  and  dif ferentiated 
numerically  to  yield  the  velocity  distribution. 

The  ions  detected  were  those  which  had  a  predominant 
z-direction  component;  the  angle  which  their  path  made 
with  the  central  axis  being  no  more  than  14°.  The 
distribution  curve  measured  was  consequently  that  of  the 
z-component  of  velocity  of  ions  moving  nearly  parallel  to 
the  electric  field.  Under  this  experimental  condition  the 
measured  distributions  can  be  interpreted  as  the  speed 
distributions  of  ions  moving  exactly  and  nearly  parallel 
to  the  direction  of  the  electric  field  with  an  error  of 
less  than  3%. 

Figure  1  shows  representative  results.  Presented  are 
a  Ne+  in  Ne  curve  at  a  relatively  low  ratio  of  electric 
field  to  neutral  number  density  (E/N)  and  an  Ar+  in  Ar 
curve  at  a  relatively  high  ratio.  Features  common  to  all 
curves  are  peaks  that  are  shorter  and  broader  than  the 
corresponding  Maxwellian  speed  distribution  with  the  same 
rms  velocity,  together  with  enhanced  high  velocity  tails. 
As  E/N  is  increased  for  a  given  gas,  the  experimental 
peak  is  shifted  by  ever  larger  amounts  to  the  low 
velocity  side  of  the  Maxvellirn  peak.  The  curves  also 
become  increasingly  asymmetric. 

The  measured  rms  velocity  was  found  to  be  always 

greater  than  the  rms  velocity  calculated  from  Uannier's 
2  3 

equation.  This  is  expected  since  the  ions  moving  in  the 
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FIGURE  1  Velocity  distributions  of  (a)  Ne  +  in  Ne  and 

(b)  Ar  in  Ar .  Solid  line  is  experimental  curve  and 

%  % 

broken  line  the  equivalent  Maxwellian.  V„vtvr  and  V,,  are 

r.XPT  U 

the  rms  experimental  and  Wannier  velocities  respectively. 


near  z-direction  contain  the  majority  of  the  hich 
velocity  ions  whereas  the  Wannier  expression  is  for  the 
entire  ion  population. 

These  results  provide  values  with  which  theoretical 
calculations  can  be  compared  if  the  corresponding 
velocity  distributions  are  calculated. 
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LATTICE  SOLUTION  OF  THE  TWO-  AND  THRE E - PART  I CLE  SCHRbDINGER  EQUATION 

Michael  V . Ivanov 

Institute  of  Precambrian  Geology  and  Geochronology  USSR  Academy  of  Sciences,  Leningrad  1 9 9 1 6 4  USSR 


The  variables  in  the  SchrUdinger  equation 
for  majority  of  the  non- re  1  a t i v i s t i c  quantum 
systems  are  not  separable.  In  this  case  for 
the  numerical  calculations  the  decomposition 
of  the  wave  function  T*  into  basis  functions  is 
usually  used.  The  choice  of  the  basis  has  the 
essential  influence  to  the  precision  and  must 
fulfil  all  over  again  for  every  new  problem. 

Such  choice  is  connected  generally  with  the  ra¬ 
ther  complicated  analytical  calculations  and 
not  always  is  successful.  ror  the  two-  and 
threeparticle  systems  as  the  alternative  to  the 
wave  function  decomposition  the  lattice  methods 
and,  in  particular,  the  finite-difference-me¬ 
thod  may  be  proposed. 

The  accuracy  of  the  calculations  with  the 
finite-difference-method  is  less  depended  on 
the  such  arbitrary  acts  as  the  choice  of  basis 
and  this  accuracy  can  be  sufficiently  increased 
by  means  of  the  standard  ways  of  the  computing 
mathematics:  the  use  of  high  orders  of  the  ap¬ 
proximation  of  derivatives,  Richardson's  extra¬ 
polation,  the  non-uniform  lattices.  Besides, 
fhe  volume  of  the  analytical  calculations  de¬ 
creases  considerably. 

The  systematic  development  of  these  consi¬ 
derations  permitted  to  make  the  computer  prog¬ 
ram  for  the  calculation  of  the  energy  eigenva¬ 
lues  of  the  stationary  and  quaz i stati onary 
eigenstates  of  systems,  which  are  described 
with  two-  or  ti.ree-d i mens i ona  1  SchrBdinger  equa¬ 
tion. 

The  most  part  of  the  problems  solved  by 
now  applies  to  the  hydrogen  atom  in  cylindrical- 
symmetric  external  fields  (the  equation  in  cy¬ 
linder  coordinates).  For  a  hydrogen  atom  in 

magnetic  field  B  when  O^lf-^IO4  (B  =  Jf  6  ,  B  = 
g  oo 

2.35M0  Gs  }  the  relative  error  of  the  ionisa¬ 
tion  energy  computation  for  the  ground  and  lo¬ 
wer  excited  states  is  about  I  O' ^  for  the  maxi¬ 
mal  lattice  3 0 * 3 n ( 3  min.  on  the  0.7  Megaflop 
computer).  This  accuracy  is  little  less  than 
accuracy  in  the  best  calculations.'  The  calcu¬ 
lations  were  made  also  for  a  hydrogen  atom  ir. 


fo r  )f=  0  and  O^F^O.25  a.u.  are  in  a  good  ag- 

2 

reement  with  the  results.  Some  results  of 
these  calculations  are  shown  in  the  figure. 


when  F  =  0  ana  the  corresponding  dependences 
for  F  t  0.  (F  in  a.u.,  E,  =  jf/2  -  E). 

Nowdays  for  the  three-part i c 1 e  systems 
the  calculation  of  the  He  atom  ground  state 
energy  for  the  screened  (that  is  multiplied  by 
exp(-£r))  interparticle  interactions  potential 
for  0.£&£2.I  has  been  made.  The  length  of  vec¬ 
tors  r j  and  r,,  and  the  angle  between  them  Q 
were  taken  as  coordinates.  For  5=  0  the  error 
(AE)  of  the  solution  of  the  equation  for  / = 

=  rjr2 Y  ’s  5 '  1 0 ~ 4  a.u.  for  the  maximal  lattice 
10*10*10. 
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a  magnetic  field  when  the  electron-proton  inte¬ 
raction  potential  is  -e^expf -&r)/r  and  for  a 
hydrogen  atom  in  the  electric  F  and  magnetic 
fields  (F||  B).  The  escape  of  electrons  for 
F  t  0  was  taken  into  account  with  complex  boun¬ 
dary  condition  of  deverging  wave.  The  results 
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DIRECT  MEASUREMENT  OF  THE  VELOCITY  DEPENDENCE  OF 
ASSOCIATIVE  IONIZATION  CROSS  SECTION  IN  Na(3p)  +  Na(3p)  COLLISIONS 

M-X  Wang,  M.S.  DeVries,  J.  Keller,  J.  Weiner 

Department  of  Chemistry,  University  of  Maryland,  College  Park,  Maryland  20742,  USA 


The  velocity  dependence  of  associative  ionization 
cross  section  for  collisions  between  Na{3p)  atoms  Is 
determined  In  a  crossed-beam  experiment  using  a 
Doppler  shift  velocity  selection  technique. 

Na(3p)  +  Na(3p)  *  Na2+  +  e 

Previously  reported  AI  cross  sections  exhibit  a 
rather  small  value  (about  10-15  cm2)  and  the  disparity 
between  those  results  suggest  that  the  AI  probability 
may  strongly  correlate  with  collision  velocity.1-3 
The  present  study  has  directly  measured  this  correla¬ 
tion  in  the  collision  energy  range  0.08  eV  -  0.29  eV. 
We  achieve  highly  resolved  velocity  selection  through 
laser  excitation  of  narrow  velocity  groups  in  the 
Doppler  profile  of  two  crossed  Na  beams.  The  Inherent 
advantages  of  this  technique,  which  was  developed  by 
Pritchard  et  al.  for  cell  experiments,4  are  signifi¬ 
cantly  enhanced  in  the  present  crossed-beam  experiment 
due  to  a  much  wider  range  of  high-resolution  velocity 
selection.  Since  both  collision  partners  are  opti¬ 
cally  excited  and  hence,  velocity  selected,  the  colli¬ 
sion  velocity  resolution  is  also  greatly  improved. 

Two  collimated  atomic-beam  sources  (angular 
divergence  less  than  35  milliradian)  are  oriented  at 
90*  with  a  cw  ring  dye  laser  bisecting  the  angle  bet¬ 
ween  the  sodium  beams.  The  cw  laser  (bandwidth  *  1 
MHz)  is  tuned  to  3s  ^$l/2(F=2)  *  3p  2P3/2(F=3)  tran¬ 
sition.  A  UV  laser  (A=351  nm) ,  collinear  with  and 
counterpropagating  to  the  dye  laser,  probes  the 
excited  atomic  state  population  by  selective  pho¬ 
toionization  out  of  the  3p  level.  The  atomic  density 
in  the  interaction  region  is  5.2xl010  cm-3,  and  the 
velocity  distribution  fits  a  Mach  6  free  jet  expan¬ 
sion.5  We  detect  the  ion  signal  Na2+,  Na+  using  a 
particle  multiplier,  coupled  with  T0F  mass  analysis. 

By  measuring  the  ratio  of  Na2+  to  Na+  signal  as  a 
function  of  dye  laser  frequency,  we  obtain  the  AI 
cross  section  as  a  function  of  collision  velocity. 

Figure  1  shows  the  AI  cross  section  dependence  on 
collision  energy.  A  calculated  cross  section  using 
the  semi-classical  treatment  of  Miller5  fits  the 
measured  curve  in  the  energy  range  0.19  eV  -  0.29  eV. 
The  calculation  indicates  that  the  X'£g+  state  of 
Na(2P  +  2P)7  is  a  dominant  contributor  to  AI  in  the 
fitted  energy  region;  but  since  it  cannot  account  for 
the  low  energy  part  (below  0.19  eV),  at  least  another 
potential  surface  of  Na(2P  +  2P)  must  be  involved.  An 
attractive  potential  of  Na(2P  +  2P)  crossing  the 
ground  state  of  Na2+  at  collision  energy  *  0.08  eV 
could  be  a  possible  candidate. 

i 


Figure  1:  AI  cross  section  vs.  collision  velocity 

(lower  abscissa)  and  energy  (upper  abscissa). 
Dashed  line  is  fit  using  Miller’s  theory 
(following  'Eg*  state  of  Na(zl>+zP)7).  Right 
oridinate  is  the  estimated  absolute  cross 
section. 
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Trie  analysis  of  the  experimental  data  on 

1  2 

barium  end  strontium  atoms  ionization  shows,’ 
that  this  process  has  a  resonance  character 
and  that  it  is  quite  probable  that  the  autoio- 
nizinr  states  (.MS)  of  atoms  play  an  essential 
role  here.  The  role  of  AIS  in  nultiphoton  pro¬ 
cesses  has  not  been  studied  yet.  It  is  quite 
clear  that  the  existence  of  the  AI3  can  result 
in  an  additional  resonance  structure  of  ioni¬ 
zation  cross-section. 

The  differential  cross-section  of  the 
two-photon  ionisation  of  an  atom  by  linearly 
polarised  field  of  non-resonant  frequency  60 

r.her0  <k  is  the  fine-structure  constant,  K„. 

A  1 

is  the  composite  matrix  element  of  second  or¬ 
der.  .. i th  the  taking  into  account  AIS  the  f 

4  5 

state  in  the  matrix  element  Kfi  nas  a  form  ’ ^ 

-  ,  y  r„<%( 

v. her-  rr  is  a  resonance  width. 

have  carried  out  the  calculation  of  a 
one-photon  and  tv.o-photon  ionization  of  Ca 
atom  -.vith  the  use  of  diaronalization  method 
modification  of  Balashov  et.al?  Tho  Ca  atom 
and  AIS  wave  functions  were  obtained  by  confi¬ 
guration  interaction  method  in  the  ionic  fro¬ 
zen-core  (of  Ca  double  ion)  approximation  with 
taking  into  account  the  core  polarization. 

•h>  resales  of  the  calculation  of  one- 
.. Baton  ionization,  v.o  nave  carried  out,  are  in 
a  good  agreement  ..ith  those,  obtained  in  tho 
work . 

in  fig.1  the  total  cross-section  of  two- 
p..  -.ton  ionization  of  Ca  atom  as  a  function  of 
energy  in  shown.  The  energy  region  correspon¬ 
ding  to  tne  doable  and  triople  frequences  of 
rj;:;  -m  :  neoiyme  lasers  is  cnoosen.  As  it  is 
..ran  from  fir.'.  ATE  3d5d1S  (E=7.1  ev)  results 
in  iii  in-  scent  .'.a!  increase  of  the  cross-sec- 
t.m,  Aid  Id  Id1 0  (E=7. 10  ev)  results  in 

•in  hi -re-. nr-  by  an  orier. 

in  table  1  -.-  e  hav-  shown  the  polarizaby- 
ty  of  some  i-yels  of  Ca  atom  for  the  frequ¬ 


ences  whiten  are  multiple  to  the  ground  fre¬ 
quences  of  the  ruby  and  neodyme  lasers  (in  a. 
u.  ).  For  the  calculation  of  polarizab.vlities 
both  discrete  and  continuous  spectrum  v/as  ta¬ 
ken  into  account.  As  it  is  seen  from  tablel 
the  dynamic  polari  zabyli  ty  for  small  Ci) 
reaches  quite  large  values,  which  results  in 
an  energy  shift  equal  10-120  cm”''  at  the  ex¬ 
ternal  field  value  10  ’  v/cm.  The  experiments 
on  measuring  the  cross-sections  and  shifts 
will  be  eagerly  avaited. 
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APPLICATION  OF  INDEPENDENT  UNITED  ATOM  MODEL  TO  INELASTIC  SCATTERING  OF  ELECTRO®  BY  HYDROGEN 
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N.S&ao 
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An  independent  united  atom  model  1  (  IUAM  } 
is  applied  to  study  inelastic  scattering  of  the 
electrons  by  hydrogen  molecule  at  intermediate 
and  high  incident  ene rgy regions.  The  collision 
cross  sections  are  calculated  at  E  6  400  eV,  No 
other  data  are  available  for  the  comparision  of 
present  results.  Basically  IUAM1  is  found  to  be 

better  approximation  than  the  earlier  independ- 
2 

ent  atom  model  (  IAM  )  to  study  the  molecular 
problems. 

Independent  united  atom  model1  (  IUAM  )  , 
recently  proposed  by  Khare  and  Jhanwar  is  appl¬ 
ied  in  this  present  paper  to  study  e  -  Hj  inel¬ 
astic  scattering.  Earlier  to  this,  IAM2  has  be¬ 
en  employed  recently  to  study  scattering  of  ele 
ctrons3  and  positrons  by  hydrogen  molecule.  In 
view  of  some  discrepencies  in  the  fourmalation 
of  IAM,  Khare  and  Jhanwar1  proposed  this  IUAM 
to  study  molecular  problems.  This  new  method  is 
more  general  and  reliable  than  the  IAM.  The  ad¬ 
vantages  of  IUAM  are  i)  this  model  is  valid  for 
elastic  as  well  as  Inelastic  scattering  process, 
li)  especially  for  inelastic  scattering  the  col¬ 
lision  cross  sections  are  more  reliable  than  the 

3 

IAM  results.  Motivated  to  the  importance  of  the 

4 

collision  cross  sections  ,  I  have  applied  IUAM 
in  the  present  paper  to  study  inelastic  scatte¬ 
ring  of  electrons  by  hydrogen  molecule.  Inorder 
to  conform  the  present  cross  sections  ,  I  have 
converted  the  GES  (  Glauber  eikonal  series  )  5 
results  for  the  present  purpose  to  compare  my 
results.  The  present  results  are  expected  to  be 
better  than  the  earlier  IAM  results3. 

In  the  present  paper  the  direct  scattering 

amplitude  for  inelastic  scattering  of  electrons 

by  helium  atom  are  derived  analytically  through 

6  7 

Born  and  Glauber  approximations  *  .  Using  the 
IUAM  and  the  present  direct  scattering  amplitude 
the  differential  scattering  cross  sections  (DCS) 
are  studied  at  E  1.400  eV.  The  scattering  ampli¬ 
tude  in  IUAM  can  be  written  as 

I  (Hj)  .  0,5X1  (He)  n  ♦  J0  <  2gr 


the  helium  atom,  the  square  bracket  term  in  the 
above  equation  is  called  as  diffraction  term,  q 
is  momentum  transfer  to  the  target  during  the 
collision  process  an:’  2r  being  the  equilibrium 
internuclear  distance.  In  the  present  work  I  (He) 
is  derived  to  study  I  (H2)  problem  through  the 
above  equation. 

3 

By  comparing  the  IAM  results  and  present 

2  3 

results,  I  conclude  that  the  IAM  *  is  not  good 
for  the  study  of  inelastic  scattering  of  electr¬ 
ons,  positrons  by  molecules.  The  present  collis¬ 
ion  cross  sections  will  be  presented  at  the  time 
of  conference. 

■fhe  author  N.  5.  R  is  thankful  to  the  Phys¬ 
ical  Research  Laboratory,  Ahemdabad,  Inlia  for 
the  award  of  a  Post-Doctoral  Fellowship.  Iam 
also  grateful  to  Prof.  H.S.  Desai  (  M.  5.  uni  ) 
Baroda,  for  his  nice  guidance  throught  the 
present  work. 
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Where  I  (He)  is  the  scattering  amplitude  for 


ELr-d.-cON  -  ION  (He*)  SCATTERING  AT  I N  TE .<MEDI  ATE  AND  HIGH  INCIDENT  ELECTION  ENERGY  REGIONS  {*>100  «V) 

N.  S.  Rao 

Physi  :al  R.s  •  ..irh  Laboratory,  Theoretical  Physics  Area,  Navrangpura,  Ahemdabad  380  009,  INDIA, 


In  the  present  work,  I  study  elastic  scatt¬ 
ering  of  electrons  by  helium  positive  ion  (He*) 
using  Born  approximation.  The  collision  cross 
sections  are  calculated  at  incident  energy  E£ 
1000  eV.  No  other  data  are  available  for  the 
comparision  of  present  results.  The  present 
results  are  expected  to  be  reasonable  and  the 
present  method  is  computationally  simpler  than 
the  earlier  approximations  used  to  study  the 
electron  -  ion  scattering  problems. 

Generally,  the  electron  -  ion  scattering 
processes  have  important  applications  in  astro¬ 
physics  and  plasma  physics,  theoretical  invest¬ 
igations  of  these  collision  processes  are  of 
practical  Interest.  Apart  from  this  considerable 
theoretical  interest  is  attached  to  the  study 
of  electron  impact  with  a  one  -  electron  ion 
such  as  He*  as  this  should  reveal  the  influence 
of  long  range  Coulomb  interaction  on  the  effec¬ 
tiveness  of  the  different  approximations.  In 
recent  past  few  theoretical  models  are  applied 
to  study  electron  -  ion  problems ]  out  of  these 

models  Close  Coupling  (  CC  )  model  was  found  to 

2 

be  more  accurate  than  the  other  models  .  But 
this  CC  model  is  computationally  more  tedious 
and  requires  a  good  amount  of  computer  time. 
Especially,  at  intermediate  and  high  incident 
energies  all  models  willlgenerate  identical 
results and  one  can  use  plane  wave  approxima- 

4 

tion  instead  of  other  complicated  approximat- 
1  2 

ions  '  ,  In  view  of  this  and  motivated  to  the 
importance  of  the  present  study3  I  study  e-He* 
elastic  scattering  at  E<  1000  ev  through  the 

4 

Born  approximation  .  The  advantages  of  the  pre¬ 
sent  Born  approximations  are  mentioned  earlier^ 

Throught  the  work  atomic  units  are  used. The 

basic  scattering  amplitudes  in  the  Born  approx- 

1  4 

lmation  are  given  earlier  J  Here  I  will  consid¬ 
er  He*  as  hydrogen  atom  like  with  the  nuclear 
charge  Z  »  2,  the  intial  and  final  state  target 
wavef unctions  of  He*  are  assumed  to  be  similar 
to  the  H  -  atom  wavefunctions,  assuming  the 
plane  waves  for  both  incident  and  scattered  el¬ 
ectrons,  I  have  obtained  the  second  Born  ampl- 

4  -  e 

itude  in  the  closed  form  for  e  -  He  elastic 

scattering.  The  total  collision  cross  sections 
(  TC3  )  are  calculated  through  the  Optical 
theorem5^  E  <  1000  eV.  These  results  are  shown 
in  table  -  1. 


Table  -  1.  TCS  in  units  of  for  e  -  He*  ela¬ 
stic  scattering  at  incident  energy  E  t  1000  eV, 


Incident  energy 

E  eV 

Present 

results 

100 

3.497 

200 

2.042 

300 

1.476 

400 

1.168 

500 

0.973 

600 

0.835 

700 

0.736 

800 

0.658 

900 

0.596 

1000 

0.  545 

From  the  Table -1  it  is  noted  that  the  He* 
TCS  results  are  nearer  to  the  TCS  results  of  He 
scattering^  at  E  <  300  eW  and  very  much  smaller 
than  these  results ^  at  ££.400  eV.  The  DCS  res¬ 
ults  for  He*  will  be  presented  at  the  time  of 
conference.  Comments  on  this  work  are  open  for 
discussions. 

The  author  N.S.R  is  thankful  to  Prof.  v.  B. 
Sheorey,  for  introducing  me  to  the  field  of 
electron  -  Ion  scattering  pj  blems.  i  am  also 
thankful  to  P.R.L  for  the  award  of  P.D.F. 
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GAPHYOR  :  AN  ATOMIC  AND  MOLECULAR  DATA  CENTRE  AT  OR SAY 

Konstant  inos  KATSONIS,  Jean-Loup  DELCROIX,  William  ASSAL  and  Claudette  L.'PRINCE. 

Centre  de  Donnees  GAPHYOR,  l.aboratoi  re  de  Physique  des  Plasmas, 

CNRS  and  Universite  Paris-Sud,  91405  Orsay  CEDEX,  FRANCE. 


An  atomic  and  molecular  data  centre  has  been  es¬ 
tablished  at  the  Orsay  campus  of  the  Paris-Sud  Universi¬ 
ty,  France.  Activities  at  this  centre  named  GAPHYOR  (Gaz 
PHYsique  ORsay)  were  initially  oriented  towards  collec¬ 
tion  and  handling  of  bibliographic  data.  These  data  are 
collected  from  the  published  papers,  books,  or  reports 
by  a  team  of  fifteen  scientists  collaborating  with  this 
project.  The  arrangement  of  the  data  allows  the  user  to 
obtain  more  information  than  the  one  provided  by  stan¬ 
dard  bibliographic  patterns.  The  identification  and  sor¬ 
ting  of  data  is  based  on  a  simple  code  for  writing  mole¬ 
cules  and  collision  processes  or  chemical  reactions  ins¬ 
tead  of  using  keywords.  Molecules  including  up  to  eight 
atoms  of  no  more  than  four  different  elements  can  be  co¬ 
ded,  by  indicating  the  chemical  formula,  the  constitu¬ 
ting  elements,  and  the  excitation  and  ionization  stage. 

The  sorting  of  the  data  file  is  based  on  the  Mendeleev 
families  order  and  on  "second-level"  descriptors  arran¬ 
ged  in  five  standard  "first-level"  categories  : 

a)  Properties  of  atoms  and  molecules. 

b)  Photon  collisions. 

c)  Electron  collisions. 

d)  "Heavy  particles"  (i.e.  atoms,  molecules  and 
their  ions)  collisions. 

e)  macroscopic  properties. 

A  handy  interactive  system  called  SYGAL  (SYstem  CAphyor 
Language)  developed  for  the  user's  convenience  allows  on¬ 
line  retrievals  worldwide  through  the  existing  data  trans¬ 
mission  networks  in  "natural"  physicochemical  language 
without  using  the  internal  code  of  GAPHYOR. 

Activities  at  ORSAY  were  recently  enlarged  to  in¬ 
clude  collection,  evaluation  and  di ssemi nat ion  of  nume¬ 
rical  data  pertinent  to  atomic  processes  encountered  in 
common  (e.g.  ast rophys ica 1 ,  thermonuclear,  arc  and  la¬ 
ser)  plasmas.  In  the  development  ol  numerical  data  files 
emp'ui-i  is  given  to  unique  sets  of  "recommended"  data, 
f specially  for  ap{  I  i< at  ions  (e.g.  modelling,  diagnostics 


)  these  are  more 


on ven lent  than  files  im  hiding  all 


the  available  values.  Moreover,  the  anticipated  use  of 
each  file  determines  not  onlv  the  output  form  to  he  se¬ 
lected  (computer  readable  files,  printed  tables,  graphs) 
but  also  its  internal  structure.  The  general  lines  fol¬ 
lowed  in  implementing  " ret ommended"  data  files  are  des¬ 
cribed  i'lse where 

The  computer  system  used  for  the  storage  (and  pos¬ 
sibly  the  exchange)  and  retrieval  of  numerical  data  is 


closely  related  to  AMDIS  and  EXFOR  systems,  previously 
developed  in  Nagoya  and  Vienna  correspondingly.  Special 
effort  is  paid  to  establish  a  system  compatible  with  the 
aforementioned  ones  allowing  straightforward  exchange  of 
data.  In  so  doing  the  periodicals,  processes,  quantum 
states,  units  etc,  dictionaries  used  in  the  system  fol¬ 
low  standards  currently  used  in  the  field. 

Another  characteristic  of  the  system  is  its  close 
connection  with  the  existing  wider  bibliographic  data 
base.  In  fact,  the  bibliographic  part  and  the  retrieval 
of  the  data  sets  are  based  on  the  GAPHYOR  software 

International  collaboration  in  data  assessment  and 
exchange  is  also  part  of  the  GAPHYOR  data  centre  activi¬ 
ties.  In  this  context  a  proposal  has  been  made  to  CODATA 
for  standardisation  and  unification  of  atomic  and  mole¬ 
cular  data  currently  used  in  various  applications.  The 
choise  of  evaluated  data  is  initially  oriented  towards 
two  well-known  data  sets  obtained  : 

1.  as  a  result  of  the  IAEA  Coord inatedKesearch  Program¬ 
me  on  "Atomic  collision  data  for  diagnostics  of  ma¬ 
gnetic  fusion  plasmas"run  essentially  from  )9fc|  to 

3 

1984  .  The  bulk  of  these  data  was  recommended  for 

fusion  applications  by  the  IFRC  subcommittee  for 
atomic  and  molecular  data  for  fusion. 

2.  during  the  recent  workshop  on  "atomic  data  for  fusion 
and  astrophysics"  held  in  March  1985  at  the  Dares- 
bury  Laboratory,  UK  .  This  set  of  data  consists 
essentially  of  recommended  data  for  electron  impact 
excitation  of  atoms  and  ions. 

Work  in  data  evaluation  is  also  carried  out  on  charge  ex¬ 
change  collisions  parametr isat ion  in  collaboration  with 
the  University  of  Belgrade,  Yougoslavia  (Dr  R.  Janev) . 
Also,  promotion  of  .ist rophys ical  applications  of  atomic 
data  was  recently  developed  through  col  1 aborat ion  will* 
the  Meudon  Ast rophys ica I  Laboratory. 
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DATABASE  ON  ELECTRON  IMPACT  IONIZATION 


M.A.  Lennon,  K.L.  Bell,  H.B.  Gilbody,  J.G.  Hughes 
A. E.  Kingston  and  F.J.  Smith 


School  of  Physics  and  Mathematical  Sciences 
The  Queens  University  of  Belfast 
N,  Ireland 


The  database  on  electron  impact  ionisation  of 
light  atoms  and  ions  developed  at  Queens  University, 
Belfast  and  reported  earlier*  has  been  extended  to 
include  recommended  cross  sections  and  rates  for 
electron  impact  ionization  of  ail  ions  from  Fluorine 
to  Nickel.  Recommended  cross  sections  are  based 
on  an  assessment  of  all  available  data  to  date  and 
used  to  evaluate  recommended  Maxwellian  rate 
coefficients  over  a  wide  range  of  temperatures. 

The  database  is  implemented  on  a  Vax  11/780  computer 
and  allows  rapid  retrieval  of  the  data  in  both 
graphical  and  tabular  form. 

The  work,  which  is  supported  by  Culham  Laboratory 
(Euratom/UKAEA  Association)  will  be  reported  in  full 
in  a  UKAEA  report  to  be  published  shortly.  Requests 
for  data  or  for  on-line  access  to  the  database  may 
be  made  in  writing  to  Dr.  M.A.  Lennon,  Department 
of  Computer  Science,  Queens  University  of  Belfast. 
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X-Ray  Incoherent  Scattering  Factors  for  N2  as 
Determined  by  High  Energy  Electron  Impact  Spectroscopy* 

S.  N.  Ketkar  and  R.  A.  Bonham 

Department  of  Chemistry,  Indiana  University 
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Electron  impact  spectra  for  N2  have  been  obtained 
in  the  angular  range  0.3°  to  2.0°  using  25  keV  elec¬ 
trons.  Intensities  were  measured  with  a  resolution  of 
~  1  eV  in  a  preset  time  mode,  in  the  energy  loss  range 
0  to  80  volts  and  400  to  480  volts.  In  the  range  80 
to  200  volts  and  480  to  800  volts  intensities  were 
measured  at  8  points  in  a  preset  count  mode  with  a 
<  inting  statistics  of  -  3%.  The  measured  intensities 
were  converted  into,  t^e  generalized  oscil¬ 

lator  strength  (GOS)  distribution  at  each  scattering 
angle  and  the  energy  moments  of  the  GOS  distribution 
S(n,K)  =  /  En  dE  for  n  =  0,  -1,  -2,  -3  were  ob- 
tained.  In  order  to  obtain  the  moments,  a  matched 
Coulomb  tail  for  a  hydrogenic  atom  was  used  to  simu¬ 
late  intensities  not  measured  experimentally  (i.e. 
for  energy  loss  >  200  V  for  the  valence  shell  and  for 
energy  loss  >  800  V  for  the  K-shell). 


Use  was  made  of  the  Bethe  sum  rule,  S(0,K)  =  N, 
where  N  is  the  number  of  target  electrons,  to  place  the 
GOS  on  an  absolute  scale.  The  energy  moments  S(n,K) 
for  n  *  -1,  -2,  -3  agree,  in  the  optical  limit,  with 
previously  reported  values.  The  S(-1,K)  moment  is 
used  to  determine  the  x-ray  incoherent  scattering 
factor.  Our  experimentally  determined  x-ray  incoherent 

scattering  factors  are  compared  with  the  results  of  a 

2  3 

Hartree-Fock  calculation  and  a  recent  Cl  calculation. 

Experiments  are  in  progress  to  measure  the  abso¬ 
lute,  small  angle,  elastic  cross  section  for  25  keV 
electrons  scattering  from  helium. 
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Energy  and  Angular  Distributions  of  Secondary  Electrons 
Produced  by  the  Electron  Impact  Ionization  of  Helium  and  Molecular  Nitrogen* 

R.  R.  Goruganthu,  W.  G.  Wilson  and  R.  A.  Bonham 

Chemistry  Department,  Indiana  University,  Bloomington,  IN  47405 


The  energy  and  angular  distributions  of  secondary 
electrons  produced  in  the  electron  impact  ionization  of 
helium  and  molecular  nitrogen  have  been  made  experi¬ 
mentally  using  a  pulsed  electron  beam  time -of -flight 
spectrometer.  The  measurements  are  made  at  ejection 
angles  between  30  and  150  degrees.  The  primary  elec¬ 
tron  energies  are  200  and  500  eV  in  the  case  of  helium 
and  200,500,  1000  and  2000  eV  in  the  case  of  N2.  In 
these  experiments  the  photon  emission  from  the  excited 
neutral  or  ionic  species  is  also  detected  along  with 
the  scattered  electrons.  Because  the  angular  distribu¬ 
tion  of  fluorescent  photons  is  expected  to  be  isotropic 


the  total  photon  yields  were  used  to  place  measurements 
at  different  ejection  angles  on  the  same  relative  scale. 
The  relative  measurements  are  then  made  absolute  by 
normalizing  the  elastic  intensity  at  one  angle  to  avail¬ 
able  absolute  cross  sections  for  the  same  angle.  We 
also  observed  the  autoionization  lines  in  N2  below  2.5 
eV.  The  agreement  in  the  peak  positions  between  our 
data  and  the  literature  values  served  as  a  check  on  our 
energy  scale.  The  angular  distributions  of  the  auto¬ 
ionization  lines  in  helium  were  also  investigated. 

*Work  supported  by  NSF  Grant  No.  CHE  8309934 
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RESONANCES  III  TIIE  INTERACTION  OF  ELECTRONS  WITH  SODIUM  ATOMS 
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In  experiments  on  studying  of  the  energy 
dependences  of  differential  cross-sections  of 
e+Ila  and  e+K- scattering  the  structure  in  the 
vicinity  of  the  first  excited  state  has  been 
revealed1.  The  close  coupling  calculations 

show  the  existance  of  resonances  in  energy  re- 

2 

gion  rn  question.  It  was  pointed  out  that  on¬ 
ly  ''s  autodetachment  state  (ADS)  of  Ha”  ion 
can  be  formed  wnich  can  manifest  itself  in  a 
form  of  resonance  in  optical  excitation  func¬ 
tions  (EF)  of  na  atoms. 

in  present  paper  we  onalise  in  details 
the  possibility  of  formation  of  «DS  of  na‘  ion 
using  the  conrigurution  interaction  method  and 
study  resonances  ana  threshold  features  on  op¬ 
tical  excitation  functions  of  na  atom.  The  con¬ 
figuration  interaction  method  has  been  employ¬ 
ed  anu  numerical  nartree-Focx  functions  were 

used  as  a  basic  ones 
with  taking  Into  ac¬ 
count  tne  core  pola¬ 
risation.  Wnile  sol¬ 
ving  the  eigenvalue 
problem  we  have  inc¬ 
luded  into  h-jnilto- 
nion  a  single-elect¬ 
ron  polurisution  of 
both  electrons  an 
well  as  aielect ronic 
po lari out ion  poten¬ 
tial.  The  resulting 
jojS  spectrum  is  gi¬ 
ven  in  table. 

Electron  beam  in  the  experiment  was  auout 
1U~nA,  while  electron  energy  spread  did  not 
exceed  0,J4eV.  The  accuracy  of  calibration  of 
tne  energy  scale  was  +0,02eV. 

we  h„ve  analysed  the  optical  EF  of  the 
lowest  members  of  principal,  sharp  and  diffu¬ 
sion  series  in  a  near- threshold  energy  region, 
we  have  presented  on  figure  1  the  EF  of  the 
first  two  members  of  the  principal  and  the  ce- 
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conu  member  of  diffusion  series.  On  absciss 
axis  the  electron  energy  is  shown  while  on  the 
ordinate  axis  the  cross-section  for  the  exci¬ 
tation  in  relative  units  is  given. 


Fig. 1  a/  EF  of A5089/95X, 

b/  EF  of  A3302/03X,  c/  EF  of  A568BX  linos 

Resonance  line  EF  reveals  an  almost  line¬ 
ar  increas  of  cross-section  near  threshold 
interrupted  at  2,2eV,  after  that  the  curve 
slope  changes  and  the  series  of  snoulders  ano 
irregularities  are  observed  in  3,0-3,3eV  ana 
3,5-3,OeV  energy  region,  correspondingly.  EF 
of  the  seconu  member  of  principal  series  de¬ 
monstrates  a  sharper  increase  near  the  thre¬ 
shold  and  reveals  better  expressed  features 
in  4,  1-4, 'jev  energy  region.  From  figure  one 
can  see  that  the  position  of  features  on  cur¬ 
ves  coinsiaes  in  general  with  the  culculutea 
energies  of  nsii. 

Opticul  EFs  uemonstrate  tliut  the  rute  of 
growth  of  cross-section  near  threshold  increas¬ 
es  as  the  principal  quuntum  number  increases. 
For  some  curves  the  threshold  -  first  maximum 
interval  does  not  exceeus  the  electron  be;un 
energy  sproaa.  This  behaviour  of  E?  confirmr 
the  resonance  character  of  (spectral  lines  ex¬ 
citation. 

1.  U.Eyb,  H.Ilofman,  J.l'hyc.B.  1979,  8,Uo7 , 1 J99 

2.  a. Fung,  J.unteae.i'hys.itev.A.  1972, £, Hoi  ,22 


693 


RESONANCES  IN  THE  DIFFERENTIAL  CROSS-SECTIONS  FOR  e  +  Li  -  SCATTERING 
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The  study  of  scattering  of  slow  electrons 
on  Li  atoms  was  carried  out  in  a  number  of 


The  calculations' 


1P  and  1  D  phase  - 


shifts  of  the  elastic  scattering  has  revealed 
two  closed-channel  resonances  under  first  2p- 
excitation  threshold  (E=1.85  eV)  and  one  3P 
shape-resonance  at  the  incident  electron  ener¬ 
gy  0.1  eV.  However,  there  is  no  information 
about  resonances  in  cross-sections  above  the 
2p -level  though  the  calculations'*  have  revealed 
the  existence  of  the  1S(E=3.15  eV)  and  3S(E= 
3.35  eV)  autodetachment  states  (ADS)  of  Li~  - 
ion  under  the  3s-threshold ,  and  four  ADS  under 
the  3p-threshold.  It  should  be  noted  that  no 
data  concerning  the  widths  of  these  ADS  have 
been  published  yet. 

Therefore  it  is  of  certain  interest  the 
study  of  the  influence  of  ADS  on  e  +  Li  - 
scattering  cross-sections  and  the  calculations 
of  the  widths  of  ADS  as  well  at  energies  above 
2p-threshold.  In  this  work  we  report  the  re¬ 
sults  of  experimental  study  and  theoretical 
calculations  of  differential  cross-gections  at 

o 

90  angle  in  energy  region  2.25  -  4.25  eV.  In 
experiment  the  electronic  beam  crossed  the  cell 
filled  with  the  vapour  of  Li  and  electrons 
scattered  at  right  angles  were  detected  by  the 
energy  analyser.  Differential  pumping  of  elec¬ 
tronic  gun  and  the  energy  analyser  was  used. 

The  energy  spread  of  electrons  did  not  exceed 
0.3  eV.  The  calculations  were  carried  out  by 
use  of  modified  Feshbach  method  proposed  by 
Balashov.  This  method  makes  it  possible  to  take 
into  account  quite  accurately  the  interelectron 
correlations  at  short  distances.  For  the  posi¬ 
tions  and  widths  of  ADS  we  have  obtained  the 
following  values;  *S(E=3.09  eV,T  =0.08  eV), 
3P(E=3. 28  eV,r  =0.12  eV) ,  3S(E=3.35  eV,r  =0.07 
eV).  Energy  dependence  of  the  differential 
cross-sections  for  elastic  scattering  (a)  and 
excitation  of  the  2p-state  (b)  is  shown  in 

Fig.  1  (-o— O--  experiment, -  -  theoretical 

calculation, — —  -  the  theoretical  cross- 
section  averaged  over  Gaussian  distribution 
with  spread  equal  to  0.3  eV). 


As  it  is  seen  from  Fig.  1  the  agreement 
of  the  theoretical  calculation  with  the  expe¬ 
riment  is  quite  satisfactory.  The  additional 
maxima  in  the  measured  cross-section  at  energy 
3.7  eV  can  be,  probably,  explained  by  influ¬ 
ence  of  1D(E=3.74  eV)  and  1S(E=3.75  eV)  ADS 
which  were  not  taken  into  account  in  the  pre¬ 
sent  calculations. 
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THE  RESONANT  STATES  OF  Ho  ON  THE  METAL  i  RK  AC*  L 
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In  the  present  paper,  the  enoreiev  of  the  He 
ion  resonant  slate?-  are  analyzed.  The  energies  of 
the  resonant  states  are  calculated  in  the  case- 
whore  (  l)  He  ion  is  placed  in  vacuum  and  (2) 
He  ion  i.-  placed  near  a  metal  surface. 

The  Haroi  It  onion  for  the  He  ion  can  be  pre¬ 
sented  «»s 

hz^(T--^hr, j*zit-Zi'l>zvc<r). 


2.  0,5.  Erkovicli,  V.V.  Kihmuiw,  A,M.  Popov, », 
AN  Si=R,  (  Ru  —  Ui, 

< 

\'.D.  L.  ,ng  9  VV.  Kotitu  Phys,Ro\#Hfv.3f  \\i, 4f 


where  T.  is  the;  kinetic  energy  operator. 


|r  -  fv  I 


I 


i 


*  ~ 

i 


i-  the  operator  of  the  potential  energy  the  i-tli 
electron  in  the  field  of  the  cC  -particle;  j  C  -  l”1 

i.-  Die*  operator  of  the  Coulomb  interaction  between 
the  i-tii  arid  j-th  electrons*;  \/  (r  )  is  O  in  the 

lir-t  Case;  in  the  second  case  this  operator  des¬ 
cribes  the  interaction  between  the  i-th  electron  and 
the  metallic  surface.  The  potential  ( r \  )  ua.- 

dioos;n  to  be  of  the*  form  developed  irP^  (  the 
"image"  potential).  The  energy  of  the  He  ion  re¬ 
sonance  states  was  calculated  by  the  proposed  i 

Tlie  total  energy  of  the;  resonance  level  in  the 
metallic  surface  field  can  be  calculated  in  term-  oi 
the  perturbation  theory 

The  energies  of  the  (ls“2s)*“S,  (  I  s 2- "  )  ~5, 

(  ls-2.-2p)  2P,  (  1.2.2r)4P  Minton  #..«•  ,.Uo  colcul.,- 
ted.  The  total  energy  of  the  resonant  ,-tate  can  be 
presented  by  the  expression 


E  =  E, 


c 


<y(z-n)  , 

where  E  is  the  energy  of  an  isolated— ion  re-o- 
r 

nance  state,  is  the  distance  between  the  OC - 
-particle  and  the  metal  surface;  »-  <•  cori-l.-nl 

which  describe-  the  given  metaF .  C  i-  .«  <  on- 
stant  which  may  be  inferred  from  the  results  ot 
numerical  calculation.^** 

Tin.*  method  was  applied  to  the  infer, t<  lion  oi 
.1  He  ion  with  copper.  The  cnloul, ition  ties  yndd'-d 
the  following  result-:  E  *  2,  1  ft  1 ;  2,  I  8.“;  2.  I'M; 

2.22*1  au  and  C  =  U.8J07  ;  1.8:173;  1.2  121;  1,1  1 1 
a,  t.  u  for  the  (  1  .-*"2s )  ~S,  (  1-  2  -  “  )  “  5,  (  1  -  2  -  2  P  )  -  I 
(  ls2.-2p)  *  P  state-  respectively. 
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CUARC  iE-TRA\riKER  IX  ION- ATOM  COLLISIONS  AS  THE  THREE-BODY  PROBLEM 


A.R.  A.-fiurov,  O.V,  Awikov,  L.D.  Blokhintsev,  A.JV1.  Mukhamedzhanov 
In-titute  of  Nuclear  Physics,  Moscow  Slate  University,  Moscow  119899,  USSR 


Tin-  electron-transfer  process  in  ion-atom 
i  olli.-mns  i ron.-iden *d  as  the  three- body  problem. 
Tin'  propo.-ed  approach  i.-  based  on  the  three*— parti  c— 
l»*  S i Oi  in  \er-ion*  ol  F addee\  equations  which  was 
n-fviou.-ly  used  for  the  limited  class  of  charge- 
-irarisier  r'Mrtions",  Our  approach  makos  use  of 
the  approximate  formula  for  the  summation  over 
quantum  number.-  I  and  m  of  the  bound  electron 
m  Ihe  intermediate  and  final  states.  The  set  of  the 
algebraic  equations  tor  the  charge-transfer  scatter¬ 
ing  amplitudes  is  obtained  where  is 

the  impact  parameter  and  n  denotes  the  main 
quantum  number  of  the  transferred  electron  in  the 
final  stale.  The  amplitudes  Mn(j>)  satisfy  the 
two-particle  unitarity  conditions.  The  ionization 
channel  is  not  considered.  The  total  cross  secti¬ 
ons  of  the  electron  pick-up  by  fully  stripped  ions 
with  y.  »  1-6  from  atomic  hydrosen  are  calculated. 
The  Brinkman-Kramers  amplitude  is  chosen  as  the* 
effective  potential  in  the  Sloan  equations  for  the 
H*  4  H  (Is)  collisions.  In  the  case  of  heavier 
ions  the  Coulomb  interaction  between  the  one- 
-olectron  ion  and  the  proton  is  effectively  taken 
into  account  by  using  the  Coulomb  wave  function 
of  proton-ion  scattering  in  place  of  the  plane  wave. 

The  calculated  charge-transfer  cross  sections 
an*  shown  by  solid  lines,  in  Fig.  1  for  the  reactions 
H+  ♦  H(  1.-)  -**  H  4  H*  (a)  and  He*4  +  H(ls)-*- 
He+  +  H+  (b).  Dots  correspond  to  the  experi¬ 
mental  data  of  various  groups.  At  high  energies 
the  theoretical  cross  sections  exceed  the  experi¬ 
mental  one-  which  may  be  due  fo  neglecting  the 
ionization  channel  contribution.  The  da-hed  line  in 
Fig.  lb  corresponds  lo  the  unitnrized  distorted  wave 

3 

approximation  (  t'DWA  )  . 
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Results  of  excitation  process  studies  for  cuprum 
atomic  spectral  lines  arising  from  raetastatle  states 
are  presented,  Experiments  were  performed  by  crossed 
electron  and  atomic  beams  method1*  Metastable  atomic 
Cu  bean  was  formed  with  help  of  a  device,  consisting  of 
effusion  cuprum  atom  source,  a  converter  of  atoms  from 
ground  into  netastable  state,  a  system  of  collimating 
slits  and  a  separating  condenser.  Metastabie  atoms  con¬ 
centration  in  the  beam  was  measured  by  the  spectral  li¬ 
ne  self-absorbtion  magnitude  and  made  up(l+3)*10^  err."3 « 
An  electron  beam  was  formed  by  a  five-electrode  system* 

Electron  current  density  in  the  beam  was  about 
(1*3)  MO"3  A/cm2  at  energy  spread  less  than  1  eV  (for 
90/  of  electrons).  The  emission  was  registered  in  syn¬ 
chronic  detection  mode. 

We  have  measured  in  our  experiments  the  excitation 
2  2  2 

functions  of  4s  ^5/2  ”  ^  *7/2  ^^f1  11111 )  21X141 

4a2  2D5/2  -  4p  \/2  (510,6  am)  spectral  lines  (EFSL), 
arising  from  the  metastable  4b2  2D<.^2  3/2  s‘ta‘tee* 

In  order  to  analyse  the  results  we  have  compared 
EFSL  arising  from  metastable  states  with  EFSL  arising 
from  the  ground  state  of  the  same  spectral  line  (see 
figure) • 

One  can  see  from  the  figure  that  EFSL  arising  from 
metastable  states  expose  a  resonance  appearing  near  the 
excitation  threshold. 

The  resonance  width  is  here  comparable  with  the 
energy  spread  of  electron  beam.  Nevertheless  near-thre- 
shold  features  are  not  displayed  on  EFSL  arising  from 


the  ground  state.  One  can  suppose  from  these  experimen¬ 
tal  data  that  excitation  of  lines  arising  from  raetasta- 


10  15 


»-  4p  2e 


Excitation  functions  of  /Is1"  4p  / 2  (£96*1  nn/ 

spectral  line  arising  from  metastabie  (curve  l)  and 
rround  (curve  ?)  states,  respectively. 

ble  states  most  probably  takes  place  through  some  inter¬ 
mediate  state.  We  have  assumed  that  negative  ion  excited 
state  can  play  the  role  of  such  an  intermediate  state. 


1.  M.H.lUa.t’paHbon,  11.0. AjieK.caxHH,  K.n.oanecov- 
huK,  riwcbMa  b  r  19,  2?I  /I974/ 


OBSERVATION  OF  RADIATIVE  TRANSITIONS  BETWEEN  AUTOIONIZING  STATES 
OF  LITHIUM  ATOMS  EXCITED  BY  ELECTRON  BEAM 

*  •  4.  «  * 
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In  hollow  cathode  experiments  for  lithium  atom  ,  ae 
well  as  in  beam- foil  experiments  in  the  180-300  nm  re¬ 
gion  there  appeared  lines  attributed  by  the  authors  to 
the  transitions  between  quartet  autoionizing:  states. 
However  we  can  get  an  unambiguous  identification  of  such 
lines  only  from  experiments  on  interaction  of  monoenerpe- 
tic  electrons  with  atoms.  Tor  this  special  purpose  we 
have  studied  spectra  ir.  120-360  nm  region  excited  by  col¬ 
lisions  of  lithium  atoms  v/ith  electron  beam  of  regulated 


The  apparatus  with  intersecting  electron  and  atomic 
beans  for  carrying  out  the  experiment  was  described  in 
details  earlier^.  A  diffraction  grating  replica  coated 
by  an  aluminium  film  and  MgF*  film  was  applied  in  vacuum 
monochromator  based  on  optical  Seya— Nani oka  scheme. 

A  solar-blind  photomultiplier  with  a  MgFg  window  served 
to  detect  the  radiation. 

Due  to  the  careful  measurement  and  analysis  of  spec¬ 
tra  excited  at  different  electron  energy  values  we  were 
able  to  receive  the  following  results.  Except  the  lines 
of  principal  series  Lil  2s  -  np  (n- 3*11)  and  Lill  lines 
a  seriea  of  less  intensive  lines  is  presented  in  spectra 
which  cannot  be  identified  with  the  help  of  well-known 
spectroscopic  tables.  Nevertheless  one  can  give  suffici¬ 
ently  definite  identification  for  six  of  them,  namely: 

193. If  198.5r  204.0,  217.3,  233.7  and  293.4  nm. 

Etoer^y  excitation  values  for  the  first  five  lines 
defined  in  our  experiment  make  up  63+1.0  eV,  whereas  for 
293.4  nm  line  it  is  61*5+0.5  eV.  As  far  as  it  is  much 
higher  than  ionization  potential  of  the  atom,  but  is  less 
than  excitation  thresholds  of  Lill  lines,  apparently,  we 
must  conclude  that  the  initial  levels  of  given  lines  may 
belong  only  to  the  system  of  autoionizing  states  of  Li 
atorn*.  Since  energy  interval  values  corresponding  to 
these  lines  do  not  exceed  6  eV  the  lower  levels  of  these 

lines  are  also  autoionizing  (the  energy  of  the  lowest 

2  2 

among  the  known  autoionizing  states  1s2s  is  65*35  eV)* 
Therefore,  we  come  to  a  conclusion  that  the  observed  li¬ 
nes  are  the  result  of  combinations  in  the  system  of  auto¬ 
ionizing  states  of  Li  atom.  One  can  note  that  the  wave¬ 
lengths  of  series  of  these  lines  coincide  with  those  of 
several  linen  observed  in  Ref.  1  and  2. 

We  have  succeeded  in  measuring  the  effective  excita¬ 
tion  cross-section  for  the  most  intensive  line  of  this 
kind  (293 .4  nm).  It's  maximum  value  obtained  was 
1x10“ ^ 293.4  nm  line  excitation  function 


is  presented  in  the  figure  (curve  4).  One  can  see  that 
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Excitation  function  of  Li  atom  spectral  lines: 

1  -  Lil  247.5  nm  (2sZS  -  6pZP°), 

2  -  Lill  165.3  nm  (2p3P°  -  3s3S), 

3  -  Lil**20.75  nm  (2pZP  -  1s2pZ  ZP)  (Ref.  4), 

4  -  Lil  293.4  nm  (our  experiment), 

5  -  Lil  57*41  eV  (electron  spectrum  line,  corres¬ 

ponding  to  the  1s2s2p^P°)  (Ref.  6). 

its  form  differs  greatly  from  typical  excitation  functi¬ 
on  form  of  ordinary  lineB  of  Lil  (curve  1)  and  of  Lill 
(curve  2).  On  the  other  hand  the  curve  we  have  obtained 
in  general  behaves  analogically  to  the  excitation  func¬ 
tions  of  quartet^  (curve  5)  and  doublet  optically  for¬ 
bidden^’^  (curve  3)  autoionizing  states.  This  fact  as 
well  as  the  mentioned  above  coincidence  of  line  wave¬ 
lengths  confirm  our  statement. 
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INFLUENCE  OF  COLLISION  HuuEUCTIGN  OF  ilATURjU.  UFE-XifcEa  of  REauNaNuE 
LEVELS  ON  COUNT  RATE  EFFECT  Of  rKcrOKTIONAE  COUNTERS 

T.Z.  Kowalski,  K.W.  UstrowsKi,  J.  Zajqc 

Institute  of  Physics  and  nuclear  Techniques,  University  of  Mining  and 
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When  an  electron,  in  the  electron  avalanche 
in  proportional  counter  u.oves  through  the  mix¬ 
tures  of  gases  and  vapours,  its  energy  is 
essentially  lost  by  elastic  and  inelastic  col¬ 
lisions  with  the  atoms,  and/or  molecules  of 
the  mixtures.  The  interaction  of  electron  with 
medium  gives  atoms  or  molecules  excited  or 
ionized. 

do  the  avalanche  contains:  ions,  excited 
atoms  and  molecules,  electrons,  neutral  atoms 
and  molecules.  The  ions  can  be  excited  or  not, 
mostly  single  charged.  Excited  atoms  are  in 
several  levels. 

for  the  mixtures  at  very  low  pressure  one 
can  neglect  the  atomic  collisions  due  to  the 
thermal  agitation,  so  the  radiatively  deexci¬ 
tation  is  limited  only  by  the  natural  life¬ 
time  oi  the  excited  state.  In  the  gas  under 
sufficient  pressure  the  excited  atoms  take 
part  in  the  oinary  and  ternary  collisions 
leading  to  reduction  of  their  natural  life¬ 
time.  for  theory  of  the  growth  of  electron 
avalanche  in  proportional  counter,  the  excita¬ 
tion  of  main  gas  to  resonance  levels,  or  to 
metastable  levels,  is  very  important.  The 
struck  of  excited  atoms  with  the  molecules, 
or  atoms  of  quench  gas  can  produce  additional 
electrons  when  the  energies  of  the  excited 
states  are  higher  than  the  ionization  poten¬ 
tial  of  the  admixture, 

Am  +  B  — *•  A  ♦  B*  ♦  e”  /I/ /Penning  effect/ 

A*  ♦  B  — *»  A  +  B*  *  e~  / 2/ 

/nonmetastable  Penning  effect/ , 
Am,  A*  -  atom  of  main  gas  excited  to  metasta¬ 
ble  or  resonance  level,  3  -  atom  or  molecula 
of  quench  gas. 

These  processes  /I/  and  /2/  are  quick 
events,  occuring  in  time  period  less  than  10  J 
second,  and  can  be  immediately  included  in  e- 
lectron  avalanche  multiplication. 

The  mean  life-time  of  resonance  state 

t  — 10-^s,  and  tnat  of  metastable  state  is 
r  -b 

tn~10  s.  Luring  the  mean  life-time  tne  exci¬ 
ted  atoms  may  collide  with  other  atoms  „n" 
times 

n  «  v  •  t  •  X  /  3/ 

mp  o 


v  -  the  most  probably  velocity  of  atoms, 
t  -  mean  life-time  /resonance  or  metastable 
states, 

X  -  mean  free  path  of  atoms. 

Assuming  tnat  every  collision  between  an  ex¬ 
cited  atom  of  main  gas,  and  an  atom  of  admixture 
gas  leads  to  deexcitation,  the  life-time  of  both 
resonance  and  n.etastable  states  in  mixture  can 
be  calculated. 

if  tne  product  c*n  /c  -  concentration  of 
admixture/  is  smaller  than  1 ,  this  value  may  be 
treated  as  tne  probability  of  collision  of  the 
excited  atom  with  the  atom  of  admixture.  If  the 
product  c  n  is  higher  than  1,  it  means  that  du¬ 
ring  the  life-time  t  each  excited  atom  should 
collide  with  an  atom  of  admixture.  This  leads 
to  the  decrease  of  mean  life-time  of  the  exci¬ 
ted  states  in  relation  t1  «  tQ/c-n. 

The  calculation  of  the  reduced  life-time  t1 

lor  metastable  levels  is  a  simple  procedure. 

_s 

the  value  of  tffi  is  near  10  s.  The  calculation 
of  t1  for  resonance  levels  is  more  complicated. 
Though  the  radiative  life-time  of  the  resonance 
levels  is  of  a  few  nanoseconds  it  is  strongly 
reabsorbed  and  reemitted  /radiation  reten¬ 
tion/,  leading  to  an  increase  in  the  duration 
of  these  excited  states,  that  may  last  a  few 
jis.  The  value  of  t  »  2  -10  s  was  taken  for 
the  calculation  of  t1  for  resonance  levels.  The 
obtainable  reduced  life-time  for  both  metasta¬ 
ble  and  resonance  states  is  compariable  to  the 
rise  time  of  the  pulse  generated  in  counter  . 
The  increase  of  concentration  of  admixture  up 
to  1.5Jk  leads  to  tne  decrease  of  the  mean  life¬ 
time  of  metastable  levels  only,  tor  the  concen¬ 
tration  c  *  1.5 IE,  lor  tr~2-10_fas,  the  product 
c*n  is  equal  one,  so  the  nigher  concentrations 
cause  tne  decrease  of  average  life-time  o 1  both 
resonance  and  metastaoleievels.  it. is  leads  to 
the  shortening  oi  the  pulse  rise  time  wnicn,  in 
its  turn,  decreases  the  count  rate  effect. 

Tne  influence  ol  concentration  of  quench 
vapour  on  count  rate  efiect  ties  seen  investi¬ 
gated.  A  very  rapid  decrease  ol  pulse  neignt 
shift  was  found  for  the  concentration  of  ad¬ 
mixture  c  ~1.3X.  Trie  ootained  results  are  in 
very  good  agreement  with  the  explanation. 
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ONE  ELECTRON  CAPTURE  INTO  EXCITED  STATES  AND  EXCITATION  OF  TARGETS  BETWEEN 
He+  OR  Ar+  IONS  AND  He  OR  Ar  ATOMS  COLLISIONS  IN  THE  ENERGY  RANGE 
OF  70-150  KeV 


Pan  Guang  Yan,  Lei  Zimlng,  and  Liu  Jia  Rut 


Institute  of  Physics,  Chinese  Academy  of  Sciences 
P.0.  Box  603,  Beijing,  China 


An  experimental  study  of  capture  of  an  electron  Reference 

into  excited  states  and  excitation  of  target  atoms  bet¬ 


ween  HeT  or  Ar  and  He  or  Ar  collisions  has  been  done  1, 

by  means  of  optical  methods,  in  the  energy  range  of 
70-150  KeV. 

2 

The  main  processes  studied  are: 

He+  +  Ar  ♦  He*(n»l)  +  Ar+*(n,l) 

Ar+  +  He  -►  Ar+*(n,l)  +  He*(n,l) 

From  the  measured  emission  cross  sections,  the  excita¬ 
tion  cross  sections  for  capture  into  singlet  and  trip¬ 
let  He  1  levels  with  principal  quantum  numbers  n  from  3 
to  5  has  been  estimated.  The  excitation  cross  sections 
of  the  target  atoms  has  been  estimated  also.  The  com¬ 
parison  of  the  results  of  our  experiment  and  other 
experiments  shows  satisfactory  agreement. 


F.  T.  de  Heer,  Experimental  Studies  of  Excitation 
lo  Collisions  Between  Atomic  and  Tonic  Systems, 
Advances  in  Atomic  and  Molecular  Physics,  Vol# 
2.  (1966) •  Edited  by  D.  R.  Bates  et  al. 

L.  Wolterbeek  Muller  and  F.  J.  de  Heer,  Electron 
Capture  Into  Excited  States  by  Helium  Ions 
Incident  on  Noble  Gases.  Physica  48,  345-396, 
1970. 

Pan  Guang  Yan  et  al.,  Electron  Capture  Into 
Excited  States  in  Collisions  Between  Multiply 
Charged  Ions  and  Atoms.  Phys.  Scripta  73,  120, 
1983. 


ELECTRON  BEAM  ATTENUATION  AND  ABSORPTION  THROUGH  MATTER  USING 
MONTE  CARLO  CALCULATIONS 
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Monte  Carlo  calculations  have  been  oer formed  with 
the  electron-photon  transport  code  SANDYL  to  predict 
electron  scattering  and  the  associated  electron  energy 
distributions.1  Several  domain  configurations  with 
various  materials,  incident  electron  energies  and 
angles  of  incidence  were  studied  and  the  results  com¬ 
pared  with  available  experimental  data.  In  general 
we  find  about  ten  percent  variation  between  the 
theoretical  predictions  and  experiments  at  the  higher 
incident  electron  energies  but  somewhat  greater  dis¬ 
agreement  as  the  energy  is  decreased.  Based  upon  these 
comparisons  several  possible  improvements  of  the 
theoretical  data  base  for  the  code  are  suggested. 
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THE  DISSOCIATION  OF  IONS  AND  ION  CLUSTERS  BY  MULTIPLE  COLLISIONS* 

WITH  A  NEUTRAL  BUFFER  GAS 

F .  L .  Ei se le 

Electromagnetics  Laboratory,  CTR1,  Georgia  Institute  of  Technology,  Atlanta,  GA  30332  USA 


The  co 1 1 i s iona  1  ly  induced  dissociation  of 
several  ions  of  atmospheric  interest  have  been 
studied  as  a  function  of  their  average  colli¬ 
sion  energy.  The  ions  studied  are  derived 
from  a  variety  of  sources  including  flames,  x  - 
rav  ionization  of  air  and  those  ions  which 
occur  naturally  in  air  (produced  by  background 
radioactive  decay  and  cosmic  rays).  An  attempt 
to  better  understand  and  identify  the  ions 
sampled  from  the  latter  source  is  the  primary 
impetus  for  the  present  study.  Ions  which 
occur  naturally  at  very  low  concentrations  in 

the  atmosphere  near  ground  level  have  recently 

1  2 

been  sampled  and  mass  identified.  Mass  iden¬ 
tification  of  the  parent  ion  does  not  however 
necessarily  mean  that  the  ion  (even  if  of 
relatively  low  mass)  can  be  chemically  identi¬ 
fied.  Thus  a  second  means  of  identification 
such  as  fragmentation  of  the  ions  followed  by 
mass  analysis  would  be  quite  helpful.  Colli- 
sionally  induced  dissociation  provides  a  means 
of  pref erentially  dissociating  ions  (but  not 
producing  additional  ionization  of  neutral 

species)  while  not  significantly  reducing  the 
number  of  ions  available  to  be  analyzed.  Col- 
lisional  dissociation  has  now  become  part  of 
our  method  for  identifying  atmospheric  ions  and 
its  energy  dependance  is  being  studied  both  to 
improve  our  present  measurements  and  because 
it  is  of  considerable  interest  in  its  own 
right . 

The  ions  of  interest  are  initially  carried 
into  the  dissociation  chamber  by  a  buffer  gas 
(typically  N2  or  Ar)  which  expands  after  pas¬ 
sing  through  a  180u  diameter  aperture.  This 
aperture  separates  the  ion  formation  region  in 


abruptly  terminated)  just  before  exiting  through 
an  aperture  into  a  2-stage  differentially  pumped 
vacuum  system.  A  quadrupole  mass  filter  and  an 
electron  multiplier  are  housed  in  the  high 
vacuum  portion  of  this  vacuum  system  making 
possible  the  mass  analysis  (ions  and  fragments 
are  single  charged)  of  the  parent  ion  and  ion 
fragments.  A  further  description  of  the  analy¬ 
sis  (vacuum)  portion  of  this  apparatus  and  a 
discussion  of  ion  breakup  and  clustering  in  and 

around  the  vacuum  entrance  aperture  has  been 
1 »  2 

published  previously. 

Figure  1  shows  the  removel  of  H_0  clusters 
+  ^ 
from  the  NH^  -(HjO)  ion  at  low  field  strengths, 

while  Figure  2  shows  the  fragmentation  of  a  far 
more  stable  ion  NO^  into  NC^.  These  results  are 
still  quite  preliminary  and  the  E/N  values  (E/N 
is  the  electric  field  strength  divided  by  the 

gas  number  density  and  is  given  in  Td  where  lTd= 
-17  2 

10  V  cm  )  contain  considerable  uncertainty 
because  of  pressure  variations  near  the  exit 
aperture.  Modifications  to  the  system  will  be 
completed  shortly  and  improved  E/N  values 

should  be  available  at  that  time. 


LARGE  ORDER  PERTURBATION  THEORY  FOR  Z.,eZ2 
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1.  The  Coulomb  angular  spheroidal  equation 
(c.a.s.e.)  is  considered 


=  0  (1) 


^[^^}[-A-pS(,-^*2Px5  '  i$]Y 


where  X  is  constant,  fTl  is  positive  inte¬ 
ger  or  zero.  The  asymptotic  solutions  of  Eq.(1) 
are  obtained  for  p  — *>  oo  .  It  is  convenient 
to  introduce,  instead  of  eigenvalue  A  ,  the 
value 

n  2p(x-m-0  -  A 
P  =  _F — 4p  (2) 

By  using  perturbation  expausion,  one  obtaines 

fa  ’  P°  =  ll<  (3) 

where  fl,  is  positive  integer  or  zero. 

It  appeared  that  there  are  four  kinds  of 
solutions  of  Eq. ( 1 )  depending  on  value  of  X  : 
1)  X  is  not  integer  2)  X  is  integer, 
rvm+l-x  4  o  3)  X  is  integer, 

n.,+m.H-x  >0  ,  n.,+i-X40 

4)  X  is  integer,  Rja^-X^O. 

The  most  interesting  result  was  got  in 
the  case  3.  For  this  case  perturbation  series 
(3)  is  converging  if  p  >  p0  ,  where  4p0 
is  a  radius  of  convergence  which  depends  on 
a,  ,  m  and  X  .  However,  does  not 

represent  the  correct  value  jj  .  For  example, 
for  fl,,*1,m.*2,X=2  the  correct  value  R  is 

V..  ® 


given  by 


is  large 


E(n.e,Rb,m)  =  X-|i 


'  r  *’  '  K-o  rk 

We  obtained  the  asymptotic  formulae  in  K 


Er  will  be 


for  the  coefficients  EK  for  arbitrary  Z| , 
Z2  •  ,  fa  .It  appeared  that 

in  contrast  to  the  case  of  H2+  for  some  cases 
the  series  (5)  are  sign  changing  when  K-*'00. 
The  cumbersome  expressions  for  will  be 

presented  at  the  conference. 
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At  the  same  time  fa  does  not  include 
exponentially  small  terms. 

Thus,  from  the  fact  that  fa  can  be 
calculated  exactly,  one  cannot  deduce  that 
does  not  possess  the  intrinsic  error 
which  is  characteristic  for  the  asymptotic  ex¬ 
pansions. 

2.  By  applying  the  results  obtained  for  c.a.s.e. 
to  the  Z1eZ2  ,  it  is  possible  to  examine  the 
perturbation  series  for  electronic  terms  which 
are  valid  when  the  distance  between  Z.  and  Z0 


ON  Tin:  PHOTON  IMPACT  EXCITATION  OF  ZINC,  CABOTM  AND  NERCUHT  ATOMS 
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Emission  spectra  (  2200-8000  %  ),  excited  in  low 
energy  proton  collisions  with  Zn,  Cd  and  Hg  has  been 
studied*  Absolute  cross-sections  and  excitation  func¬ 
tions  of  the  majority  of  emissions  were  measured* 
Experimental  conditions:  LAB-energy  range  10  to  I^OOeV; 
target  atoms  vapor  pressure  was  about  10"*^  to  6*  lO^Torr; 
proton  beam  density  tas  about  ^/ca?  and  energy’ 

irJionogeneity  3  oV*  'Mission  spectra  were  assembled  by 
scanning  the  dif fractional  monochromator  through  the 
wavelength  region  of  interest  with  no  worth  than  5^ 
resolution*  The  effective  excitation  cross-sections 
absolute  values  Q.  were  defined  by  comparison  of  spect¬ 
ral  line  intensities  excited  in  the  investigated  pro¬ 
cesses  and  reference  lines  of  Zn,  Cd  and  Hg  atoms 
excited  by  electron  impact  in  similar  conditions* 

Q.  definition  accuracy  was  about  50?,  excitation  func¬ 
tions  measurement  error  was  about 

Principal  results  are  the  following: 

1.  Absolute  emission  cross-sections  were  found  to 

vary  in  the  range  of  to  ICT^cm2. 

2.  The  atomic  and  ionic  states  excitation  efficiency 

in  one-electron  or  two-electron  processes  according¬ 
ly  is  similar*  Moreover,  some  lines  originate  from 
upper  states  (  n<7  )  both  atomic  and  ionic  v/ere 


observed  in  spectra*  In  the  figure  the  example  of 
the  emission  spectrum  of  1000  eV  (LAB)  H++  Cd  col¬ 
lisions  is  given*  Absolute  excitation  cross-secti¬ 
ons  values  for  the  most  intensive  spectral  lines 
(their  values  given  in  brackets)  were  measured  at 
the  same  energy* 

In  studied  spectra  the  intensive  atomic  lines  ori¬ 
ginate  from  triplet  states  are  present,  although 
forbidden  due  to  the  Vigner  rule*  We  suppose  these 
emissions  to  be  the  result  of  relativistic  effect, 
first  of  all  of  spin-orbital  interaction*  Since 

the  relativistic  correction  for  inner  electrons 
Z  2  1 

have  the  order  of  (  / 137)  ,  producing  the  chan¬ 

ges  in  self-agreed  field,  where  the  outer  electrons 
are  moving,  the  efficiency  growth  of  triplet  states 
excitation  in  Zn  «•  Cd  and  Hg  transitions,  as  we 
observed  in  our  experiment,  serves  as  an  indirect 
confirmation  of  our  hypothesis* 


f.  See,  for  example,  Ha ne  A.Sethe  and  Edwin  E.Salpeter 
Quantum  mechanics  of  one-  and  two-electron  atoms, 
edited  by  GOttinger,  Heidelberg  (Springer-Verlag, 

Berlin,  1957). 
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ON  OSC ILLATIONS  OP  TOTAL  CROSS-SECTION  FOR  EXCITING  THE  2312A  LINE  IN  Ar++  Cd  SYSTEM 

Yu.A.KSAVERY 

Uzhgorod  department  of  the  Institute  for  nuclear  researches,  Uzhgorod 


M.-T.I.Soskida  et  al1  have  reported  at 
IX- th  ICPEAC  about  discovery  the  pronounced 
oscillation  structure  on  excitation  function 
CT”"(E)  of  the  2312  X  line  ( as  a  function  of 
centre  of  mass  energy  E)  at  slow  Argon  ion  - 

O 

Cadmium  atom  collisions.  The  2312  A  line  is 
2  2 

correspond  to  5d  ~  5p  Py2  transition 

in  the  Ca+  ion.  Having  been  carry  out  a  pheno¬ 
menological  analysis  of  the  observable  struc¬ 
ture  on  this  line  In  u  t  300  eV  energy  range 
one  may  persuasionea  that  the  oscillations  of 
radiation  intensivity  has  a  complicated  nature. 
-  actually  they  are  being  observable  at  some 
smooth  8111  curve’s  background,  and  they  are 
consist  at  at  least  of  two  harmonic  oscillati¬ 
ons  of  simple  cosine-like  type  with  different 
periods  as  well  as  with  uniformity  of  local 
extrema  positions  in  the  colliding  argon  ions 
inverted  velocity  l/'O'  scale.  A  comparatively 
good  reproducion  of  the  data  one  may  obtain 
by  tne  formal  functional  dependence  of  the 
following  type 

CT-  Cr^+ACT  080  . 


Her  e  O-  ^  is  Landau-Zener  cross-section 
and  tne  oscillating  part 


!va~osc- 


2.9 


x[cos(Ht6.1  x  lu^m/aec  x’U‘_1+2.2) 
+  cos<Tf(3.9  x  1v4m/sec  xV-1+0.4^i 


-  at  any  rate  all  main  peculiarities  of  the 
experimentally  observable  dependence  is  conta¬ 
in  in  this  function  in  the  whole  energy  range. 
Because  of  the  ground  oscillations  amplitudes 
are  even  the  resulting  oscillation  must  become 
deeply  modulated,  at  all  100J5.  This  is  the  re¬ 
ason  for  whicn  one  is  being  observe  existence 
of  a  high  peak  on  data  at  E  *  17.7  ev  energy 
where  the  maximum  of  beating  has  ta&en  place. 

it  is  one  of  the  some  possible  varieties 
for  the  model  of  four  semimolecular  terms  wit** 
additional  interaction  at  large  intemuciear 
separations  in  the  framewor*.  uf  which  wne  can 
reacu  a  simple  and  natural  exploration  for  the 
effect  of  deep  modulation  of  the  oscillations 


on  energy  dependence  of  total  cross-section  1** 
exciting  the  2312  A  line  at  slaw  Argon  iou  - 
Cadmium  atom  collisions.  -  It  is  tne  simplest 
analogy  of  the  well-knowe*.  Rosenthal- Bobashev 
model  *  .  The  essence  of  the  new  propose**  mouei 
is  tiu.t  There  are  three  exciteu  semimolecular 
ion  (AxCdj*  terms  which  are  situates  close  to¬ 
gether  each  to  other  and  which  has  an  intersec¬ 
tion  at  large  intemuciear  separations,  at  small 
intemuciear  separations  these  terms  are  being 
coherently  populated  via  semicrossings  with  the 
main  term  when  the  particles  have  hau  a rowing 
together.  When  the  particles  are  being  fly  away 
then  the  interaction  of  excited  terms  at  large 
intemuciear  separations  have  lead  to  appearance 
of  additional  LandaU-Stueckelberg  oscillation*) 
whicn  are  still  remain  on  total  cross-section 
under  the  certain  conditions  too.  The  frequenci¬ 
es  of  these  oscillations  are  -  for  the  first 
approximation  -  proportional  to  the  areas  of 
reserved  loops  which  are  being  formed  on  term's 
scheme  on  the  interval  from  small  intemuciear 
separations  up  to  great  one,  and  which  are  in 
fact  approximately  equal  to  6.1  x  lO^m/sec  and 
3.9  x  10^  m/ sec  within  the  -factor  accura¬ 

cy  for  the  «r++  Uu  system.  It  has  been  rollow 
from  the  correlation  diagram  for  *r  +  Ca  system 

that  it  is  natural  to  choose  5s5p  V°-state  01 

2  2  1 

Cadmium  atom  onu  3d  u 3/2“ »  5u  u^2-states  01 
Coumium  ion  as  an  excited  terms  in  the  model 
mentioned  above,  apparently  it  is  the  semimole¬ 
cular  interference  of  at  least  of  three  inelas¬ 
tic  Canales  of  reaction  resulting  the  excitati¬ 
on  of  these  leveles  because  of  which  the  deeply 
moaulatea  oscillations  on  the  excitation  junc¬ 
tion  of  the  2312  A  spectral  line  in  Ar++  o** 
system  ure  being  to  appear. 

REFERENCES 
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IMPACT-PARAMETER  DEPENDENCE  OF  6 -ELECTRON  EMISSION 
IN  FAST  ION-ATOM  COLLISIONS* 

C.  kelbcn,  J.  Ullrich,  v.  Danqendorf,  s.  Kelbch. 
W.  Schadt,  K .  Bethqe.  H.  Schmidt-Bockinq 

Institut  fur  Kernphvsik  der  Universitat  Frankfurt 
0-6000  Frankf urt/Ma i n  /  FRG 


In  basic  DCtu’-Dation  theories.  the  matrix 
element  for  an  ionization  process  in  fast 
I  3  n  -  a  t  c  m  collisions  is  mainly  qiven  by 
f  v  ( H  >|  .j,i  >whero  t.i  is  the  initial  state 
of  tne  election  and  f  is  the  final  con- 
tinuum  state,  ViR)  represents  tne  octui'- 
Dation  Dotential  for  a  qiven  traiecto'‘v 
Rit).  i.e.  tne  measurement  of  triDle 
di  f  fccnt  i  a  I  6-elecfon  probabilities 

d  3  p  ( q  ,  Eq,  VIQ  ) 
do  dEq  dhe 

for  a  fixed  oroiectile  traiectory  enables 
a  direct  comoarison  with  calculated  matrix 
elements  (p  is  tne  lmoact  Darameter,  E0 
tne  electron  enerqy,  ie  tne  electron 
emission  anolel. 

Measurinq  subsnell  ionization  probabili- 
ties  or  doubly  differential  cross  sections 
for  electron  election,  the  experimental 
value  reflects  qenerallv  only  an  inteqra! 
over  many  matrix  elements. 

Only  a  few  data  have  been  published  con- 
cerninq  i moac t- na rame ter  dependent  a. elec¬ 
tron  snectroscoov  /I, 2, 3/.  The  published 
data  sets  were  measured  in  the  ranqe  of 
very  heavy  collision  systems,  where  the 
a-electron  enerqies  exceed  tne  classical 
binary  encounter  enerqy  limits  / 3 /  or  in 
tne  ranqe  of  liqht,  nearly  symmetric 
systems  (o.o.  F  on  Nc  /I/  or  S  on  Ar  / 2 / ) 
wnere  auasi-molecular  effects  may  olav  a 
maior  r0ie. 

These  data  /I, 2/  show  a  surpriSinq  rjSe  at 
small  impact  parameters  in  the  6-electron 
emission  probability  with  increasinq  b. 

This  rise,  which  is  in  disagreement  with 
theoretical  calculations,  (done  in  the 
SCA-aooroach  / 4 /  is  at  present  not  under¬ 
stood  at  all.  Stimulated  by  these  results, 
we  have  started  a  systematic  study  of 
6  -electron  emission  probabilities  from  very 
asymmetric  to  symmetric  ion-atom  collision 
systems. 

Tne  experiments  were  performed  at  the 
2.5  MV  and  the  7  MV  Van-de-Graaf f  accele¬ 
rator  of  the  Institut  fur  Kernphysik  der 
Universitat  Frankfurt.  The  ion  beam  was 
collimated  down  to  0.2  x  0.2  mm2  and 
passed  throuqh  a  tarqet  gas  jet.  placed  in 
the  focus  point  of  a  hemispherical  elec¬ 
trostatic  electron  analyzer.  The  scattered 
particles  were  detected  by  a  position 
sensitive  pa ra 1 1 e 1  - p 1  a te  avalanche  detec¬ 
tor  which  consists  of  concentric  rinqs  to 
determine  16  scattering  anqles  between 
0.1°  and  1°  simultaneously. 

The  enerqy-ana 1 yzed  electrons  were  detec¬ 
ted  in  coincidence  with  the  scattered 
particles.  The  probability  for  the  ejec¬ 
tion  of  a  a-electron  with  enerqy  Ee  for  a 


certain  impact  parameter  b  is  then  derived 
f  rom 

d3  p  (b  ,  Ee.ee)  .  d3  Np  ( b  .  Ee  .  oe  ) 


where  N  is  the  number  of  true  coinciden¬ 
ces  per  electron  energy  interval  dEe  and 
electron  detection  solid  angle  ®2e ,  and 
d  Njot  (•)  is  the  total  number  of  par¬ 
ticles  detected  at  scattering  angle 
e  =  e(b). 

We  have  measured  the  impact-parameter  depen¬ 
dence  of  the  6  -electrons  in  the  systems: 

I,  2.2  MeV  He  Ne.Ar;  t0Q0fm<  b<  12000fm 

4  MeV  0  Ne.Ar;  4000fm<  b<  12000fm 

5.10  MeV  Ne  No  ;  2000fm<  b<  llOOOfm 

in  the  enerqy-range  ISOeV  <  Eg  <  lOOOeV. 

We  also  observed  a  rise  of  the  emission 
probabilities  for  small  impact  parameters. 
Theoretical  calculations  from  Trautmann  et. 
al.  /SI  are  in  significant  disagreement 
with  the  measured  data. 
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EVIDENCE  FOR  INDEPENDENT  PARTICLE  BEHAVIOR  IN  FAST  RYDBERG  HYDROGEN 
ATOM  COLLISIONS  WITH  NEUTRAL  ATOMS  AND  MOLECULES 
* 

M.  King  ,  L.  Wang,  and  T.J.  Morgan 

Physics  Department,  Wesleyan  University,  Middletown,  Connecticut  06457  USA 


We  have  performed  a  series  of  experiments  in  order 
to  confirm  unambiguously  that  in  fast  collisions  between 
high  Rydberg  atoms  and  neutral  perturbers  both  the 
Rydberg  electron  and  the  ionic  core  scatter  quasifreely. 
Previous  measurements  by  Koch*  using  3. 3-6. 2  keV/amu 
high  Rydberg  deuterium  atoms  in  collision  with  ^  hinted 
this  is  true,  and  served  as  motivation.  We  have  carried 
out  absolute  measurements  of  the  total  destruction  cross 
section  (sum  of  ionization,  excitation,  and  deexcitat ion) 
for  2.5-40  keV/amu  high  Rydberg  (20ini30)  hydrogen  and 
deuterium  atoms  in  collision  with  Ar,  ,  and  CO^. 

The  model  for  these  collisions  treats  the  Rydberg 
electron  eR  and  core  ionic  proton  as  independent  scat- 
terers.  This  view  is  based  on  two  important  character¬ 
istics  of  the  collision:  (1)  the  effective  interaction 
between  the  charge  components  of  the  Rydberg  atom  and 
the  neutral  perturber  is  short  ranged  compared  to  the 
eR-p  separation  and  (2)  the  translational  velocity  of 
e"  is  large  compared  to  its  orbital  velocity.  In  this 
case  the  Rydberg  destruction  cross  section  oD  should 
equal  the  sum  of  the  free  electron  and  free  proton 

cross  sections,  i.e.,  =  c  +  c,,. 

D  e  P 

A  fast  beam  of  hydrogen  Rydberg  atoms  H(n)  is  pre¬ 
pared  by  electron  detachment  of  H  in  H2*  H(n)  then 
passes  through  a  static  gas  target  with  the  absolute 
pressure  measured  by  a  capacitance  manometer.  After  the 
target,  the  population  in  a  band  of  high  Rydberg  states 
is  measured  using  static  electric  field  ionization.  The 
experiment  relies  on  a  determination  of  the  intensity  of 
H(n)  after  the  target  as  a  function  of  absolute  target 
pressure.  Background  contributions  due  to  collisional 
production  of  H+  are  reduced  by  application  of  a  con¬ 
stant  electric  field  just  prior  to  the  field  ionization 
region  and  by  voltage  labeling  the  field  ionized  H+  sig¬ 
nal.  Background  contributions  due  to  neutrals  in  the 
beam  other  than  H(n)  are  subtracted  by  electric  field 
modulation  techniques.  In  this  way  a  well  defined  band 
of  n  states  can  be  isolated  and  detected. 

The  attenuation  of  H(n)  is  exponential  and  the 
slope  of  the  transmitted  H(n)  signal  versus  target 
thickness  yields  the  collisional  destruction  cross  sec¬ 
tion.  Least  square  fits  to  the  data  were  performed  up 

14  -2 

to  target  thickness  of  3  x  10  cm  correspond ing  to 
about  107,  attenuation.  Operating  pressure  in  the 
detector  region  was  1.5  x  10  ^  torr. 

The  results  for  Ar  are  shown  in  Fig.  1.  They  are 

2 

compared  with  free  electron  and  free  proton  data.  As 


the  energy  of  the  Rydberg  beam  is  decreased  the  dominant 

collisional  mechanism  changes  from  eR  scattering  to  core 

scattering  with  the  cross  over  at  about  11  keV.  This 

occurs  because  the  H+  electron  capture  cross  section 

rises  to  a  maximum  at  low  keV  energies  while  the  eR 

scattering  cross  section  decreases  due  to  the  Ramsauer- 

Townsend  effect.  It  is  clear  that  =  o  +  o_,  over  the 

D  e  P 

entire  energy  range  and  that  H(n)  scatters  with  a  large 
cross  section  even  in  the  presence  of  a  deep  Ramsauer- 
Townsend  minimum  in  the  free  electron  scattering.  Addi¬ 
tional  data  will  be  presented  at  the  conference  to  sup¬ 
port  the  independent  particle  behavior  of  Rydberg  atoms 
in  fast  collisions. 

Work  supported  by  the  NSF  and  DOE,  Office  of  Fusion 
Energy. 
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FIGURE  1.  Cross  section  versus  energy  for  H(n)  +  Ar 
collisions. 
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IONIZATION  CROSN— SECTION  OF  YTTERBIUM  ATOMS  BY  ELECTRON  IMPACT 

*  *  +  * 

M.M.Ali,  P.N.Volovich,  V.L*Ovchinnikov,  L»L*  Shimon 

* 

Uzhgorod  Gtate  University,  Uzhgorod  294000  USSR 

Institute  for  Nuclear  Pccearches  of  Ukrainian  SSR  Academy  of  Sciences,  Uzhgorod  294000  USSR 


Total  ionisation  cross-section  of  atoms  5  to  300eV 
impact  energy*  range  is  measured  for  the  first  time* 
I'oasurenents  were  performed  in  crossed  electron 
anu  atomic  beams.  Atomic  bean  was  modulated  by  a  vibra¬ 
tional  interrupter  while  measuring  the  ionization  func¬ 
tion.  The  variable  component  of  ion  current  was  deposi¬ 
ted  by  selective  amplifier  and  synchronous  detector. 
Atomic  beam  density  was  measured  duo  to  the  shifting  of 
quartz  resonator  frequency,  resulting  from  the  ytterbium 
sputtering  on  its  "surface,  iicperimental  conditions  w»ere 
the  following:  atomic  density  in  collisionai  regions 
(1,0  -  1 , r; ) •  10  '^cm~^;  electron  current  magnitude 
(/  -  10) *10  A;  electron  energy  spread  did  not  exceed 

IcV;  ion  current  magnitude  (l  -  3)*10~^A;  residual 

_7 

gas  pressure  Torr.  The  error  cross-section  defi¬ 

nition  was  about  30'  ;  the  error  in  ionization  function 
measuring  was  about  4‘..  Effective  cross-section  increa¬ 
ses  rapidly  fron  the  ionization  threshold  (6,25eV)  with 
the  growth  of  electron  energy  (  the  initial  zone  of  the 
function  is  given  in  a  stretched  scale  of  the  figure). 
There  are  some  maxima  emphasized  on  the  curve  at  22eV  and 
33eV  energies.  They  exist,  probably,  due  to  single 


ionization  from  6s  and  4f  Yb  atomic  shells*  Through 
the  entire  energy  range  the  measured  cross— section 
value  is  close  to  the  one  obtained  by  Mann  formula  ^for 


calculation  of  single  atomic  ionization  cross-section 
in  slow  electron  collisions* 

Reference 
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K-EMISSION  INVESTIGATION  3Y  ELECTRON  BOMBARDMENT  OF  FREE  POTASSIUM  ATOMS 
ZAPESOCHHY  I.P.,  TUKSTICjI  V.S.,  SOLOMON  A.M. 

Uzhgorod  department, Inst itut  of  Nuclear  Research, Uzhgorod, Ukrainian  SSR 


The  study  of  K-shell  ionization  processes 
by  electron  impact  via  detection  of  accompanied 
X-ray  emission  is  difficult  because  of  influ¬ 
ence  number  of  factors:  1)  the  ionization  cross- 
section  for  deep  inner  shells  of  atoms  are 

—  pi  O 

relatively  small  (~  10  cm  );  2)  the  fluores¬ 
cence  yield  for  light  and  middle  atoms  is  small 
in  comparison  with  an  Auger  electron  ejection; 

3)  the  intensive  bremsstrahlung  reduct  to  the 
small  values  of  the  signal  to  noise  ratio; 

4)  the  efficiency  of  the  dispersive  spectral 
apparatus  in  the  X-ray  region  is  small  also. 

Besides  in  the  case  of  free  raetall  atoms 
its  concentration  in  the  beam  is  a  few  order 
smaller  then  in  the  case  when  one  utilize  for 
the  same  purpose  films  on  substrate. 

Recently  a  number  of  investigation  for 
K-  and  Ir-shells  ionisation  are  carried  out  by 
utilization  of  electron  bombardment  of  thin 

films  and  gaseous  targets  in  the  near  threshold 
12  3 

energy  region  *  or  in  the  case  of  relatively 
high  energies^. 

In  spite  of  all  difficulties  the  investi¬ 
gation  of  this  problem  for  free  metall  atoms 
is  actual. For  fulfilment  of  systematic  K-shell 
ionization  investigations  for  raetall  ator..s  in 
the  wide  range  of  the  threshold  energies  the 
apparatus  with  intersected  electron  and  atom 
beams  was  constructed. The  accompanied  to  K-shell 
ionization  X-ray  emission  was  registrated  by 
an  Si(Li)  semiconductor  detector  in  the  direc¬ 
tion  perpendicular  to  intersecting  beams  plane. 
The  main  parameters  of  the  apparatus  are: 
the  concentration  of  atoms  in  beam  was ~ 10 11 
cm  ;  the  incident  electron  energies  varied  fro... 
300  eV  to  50  keV;  the  electron  current  was  1mA; 
the  pressure  v/as  5.10”^  Torr.The  energy  sepa¬ 
ration  of  the  detector  was  260  eV  for  the  line 
5,9  keV,the  quanta  detection  region  .as  2-3oi ;eV. 

It  was  forsee  the  modulation  of  the  atomic 
beam  to  take  into  account  in  spectra  the  sub¬ 
strate  from  bremsstrahlung  and  fluorescence 
effects  from  the  chamber  surface  be  in  the 
field  of  view  of  detector. The  modulation  per¬ 
mits  us  extract  the  influence  of  slo..  variation 


in  time  of  the  experimental  parameters  in  ca¬ 
se  of  tiie  long  exposition  duration. 

On  the  base  of  the  constructed  apparatus 
ve  at  the  firs;  investigate  the  excitation  of 
K-serioSfor  potassiu..  atoms  in  the  energy 
range  up  to  11  threshold  energy  values. The  ob¬ 
tained  dependence  of  efficiency  of  i'.-eniission 
excitation  as  function  of  incident  electron 
energy  has  a  maxima:  at  A, 5  -  4  threshold 
energy  values. 

On  the  figure  our  results  are  in  compari¬ 
son  with  seaiempirical  o-ilculac  ions  carried 
out  by  LotzJ  and  Nudge  -  Schwartz0  fan." line. 
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The  investigation  of  angular  correlations 
active  >n  sent  to  rod  and  ejected  electrons  asso¬ 
ciated  wit h  tlie  autoionisation  processes  is 
the  poverfull  met 'nod  for  studying  the  energy 
structure  of  atom  in  ionisation  continua.  ouch 
experiments,  first,  lead  to  the  det a rmination 
of  the  triple  dif fei-ential  croc,  section  and 
enable  comparison  to  bo  made  ,.ith  theoretical 
models  for  those  processes,  second,  it  should 
be  made  the  accurate  spectroscopic  identifi¬ 
cation  of  the  linos  in  electron  spectra. 

.'or  these  purposes  in  our  laboratory  has 
been  constructed  apparatus  mainly  consisted 
of  (e,2e)  spectrometer  and  electronic  coinci¬ 
dence  circuit(see  figure). 

The  scattered  and  ejected  electrons  are 
analysed  with  respect  to  their  energy  and 
scattering  angle  by  two  identical  127°  elec¬ 
trostatic  cylindrical  condensors  A^,  A,,, 
fhe  source  of  metal  vapour  atoms  is  an  heating 
oven  wit.:  the  aperture  0,4  nan  in  diameter.  In 
order  to  obtain  the  gas  beam  the  tube  of  6  mm 
in  length  unc  0,4  in  diameter  „as  used, 
fhe  ie,2e)  spectrometer  parameters  uro  the 
following: 

-  the  incident  beam  energy  -  0  ■»  IpuO  eV 
and  the  boa...  current  -  1  •*  1-OyU.A, 

-  energy  and  angular  resolutions  of  both 
electron  analysers  is  0,2  eV  and  2° 

re spectively ; 

-  the  rotation  of  analysers  car.  be  provide 
over  an  angular  range  from  1 j°  to  140° 
vith  respect  to  the  incident  beam; 

-  the  vnnour  tar  :ot  density  in  the  scatte- 

1 1  -3 

ring  contr -equals  about  10  cm  ; 
fhe  rpo-.;tro...etor  is  ..lounted  in  stain-leas 
st  .-.'l  ch:s..o':r  which  is  pumped  town  to 
1.lj“^Torr  by  an  9 Jo  liter/ ooc  turbomolecular 
pump. 

The  signal-processing  electronics  are 
shown  schematically  in  figure,  'flie  charge  pul¬ 
ses  from  each  of  the  detectors  b  uro  processed 
by  t tie  proQi.iplifier-oi.iplifior-discriminator 
system  to  give  fast  logic  pulses.  Pulses  from 


the  "  scattered”-electron  analyser  start  a  ti¬ 
me- to  amplitude  converter  T.iC  while  pulses 
from  the  "ejocted"-electron  analyser  is  dela¬ 
yed  by  a  length  of  coaxial  cable  and  stop  the 
TAJ.  'file  arrival  of  a  pair  of  electrons  with 
a  given  time  correlation  t hoi  corresponds  to 
a  particular  pulse  height  out  of  the  TAC . 


Pig. 1.  Schematic  diagram  of  (e,2e>  spec¬ 
trometer  and  coincidence  electro¬ 
nics. 

A  multi-channel  analyser  ...CA  performs  a  pulse- 
height  analysis  on  the  TAG  output.  In  order 
to  isolate  the  true  coincidences,  two  single- 
channel  analysers  Sc A  with  variable  widths 
of  windows  and  up-down  counter  are  set  up. 

Kith  the  apparatus  explained  above,  the 
preliminary  measurements  of  energy  Iocs-  and 
ejected  electron  spectra  of  lithium  vapour 
have  been  made. 
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